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Part III - The Levantine Basin

Introduction

John K. Hall

Geological Survey of Israel, 30 Malchei Israel Street, Jerusalem 95501, Israel

The Levantine Basin is traditionally the deep basin at the
eastern end of the Mediterranean. Since its physiography was
first described in the seminal work of Emery, Heezen and Allan
(1966) based upon a reconnaissance cruise of the R/V Aragonese
in the very early sixties, the Levantine Basin has piqued the interest
of earth scientists. The region hosts the junction of three plates,
whose interaction has produced complex structures. Because of
its relative remoteness, and the uneasy relationships between the
seven national entities along its littoral, the area was not easy to
investigate. However, the probing since the 1970s has shown that
the basin is filled with a great quantity of sediments (12 km or
more), and that the nature of its underpinnings is not simple.

Many investigators have studied the area. Some have returned
again and again to this problematic place. Most propose models
for its origin and history based on the findings of the particular
tools employed, whether they be bathymetry, gravity, magnetics,
seismic reflection, seismic refraction, teleseismic investigations,
or submarine geology based on coring, drilling, and dredging. The
region’s recent history also seems to beckon. From the pioneering
study of our colleague Ya’akov Petrovitch Malovitskiy (1978) who
proposed on the basis of seismic investigations that the Levantine
Basin was a sunken continent, we advance to recent extrapolations
(www.discoveryofatlantis.com - Sarmast, 2003) regarding the
‘finding’ of Atlantis at depths of ~1500 m between the West Tartus
Ridge and the Gelendzhik Rise, based upon a computer analysis of
the Strakhov’s multibeam soundings.

PART I LAYOUT

Six of the nine chapters in this section deal with the continuing
study of geophysical data collected during Cruise 5 of the NES
Strakhov. Multi-channel seismics collected on eight profiles have
undergone detailed analysis and reanalysis at GEOMAR by Dirk
Klaeschen, Achim Kopf, Neus Vidal, and Roland von Huene
(Chapters 9-11). “Tweaking’ of the data has resulted in new looks
to depths of 14 km, presumably into the crystalline basement.

Working with seismic refraction data from Strakhov Cruises
5 and 10, and Boris Petrov Cruise 19, Sergey Zverev and Dmitry
Nllinsky (Chapters 12-13) have attempted to wring out additional
information on the deep layering, acoustic velocities and therefore
composition, and seismic signatures. This data, with magnetics and
gravity from the compilations of Makris and Wang (1994) have
Suggested that Eratosthenes Seamount is atop an ancient volcano.

This conclusion recalls a similar analysis of the Mount Carmel

structure in Israel, just 250 km to the ESE, where Gvirtzman, Klang
and Rotstein (1990) postulate the existence of a shield volcano.
Their conclusions are based on gravity and magnetic anomalies
plus the penetration of 2,499 m of the Early Jurassic Asher
Volcanics in the Atlit-1 well. The modeled diameter of the shield
volcano is about 40 km, which is similar to the core of Eratosthenes
Seamount.

Another similar buried intrusive structure was recently
reported some 90 km off the shores of Israel by Folkman and
Ben Gai (2004). It appears to be some 20 km in diameter, with
its summit 8 km below the sea surface. And reinterpretation by
Rybakov and Gardosh (2004) of the gravity data presented below
suggests a fourth possible buried volcanic body beyond the one
beneath Eratosthenes Seamount. Chapter 23 by Rybakov, Gardosh,
and Ben-Avraham presents the results of that reinterpretation.

A new gravity compilation is offered by Vladimir Toulin
(Chapter 14) based upon measurements from NES Boris Petrov
(Fig. IL.1) in 1989, and the NES Strakhov in 1990. These data
supplement the piecemeal coverage that previously existed. The
Russian Academy of Sciences, via World Data Center B in Moscow,
kindly consented to make this dataset available for distribution
on the CDROM which is described in Appendix F. Similar new
compilations are in the offing as oil and gas exploration proceeds,
among them the recent 8043 km of coverage by the M/V Northern
Access in the Israeli EEZ (ARK Geophysics Ltd., 2002), as well as
3-D surveys by ISRAMCO, SAMEDAN, the British Gas Group,
and others in the southeastern Mediterranean, and by companies
working off the Lebanese and Syrian offshore that are mentioned
in Chapter 16.

Chapters 15 and 16 deal with the author’s activities in compiling
bathymetric charts as part of the GEBCO and IBCM projects (see
below), as well as preparation of digital terrain models (DTM) for
Israel and its neighbors, including the island of Cyprus. Chapter 16
also delves into the various DTMs available for the specific area as
well as worldwide.

The explanatory notes to the IBCM-SED recent sediment
map of the Mediterranean and Black Seas are presented in
Chapter 17. This immense undertaking by our Russian colleagues
Emelyanov, Shimkus, and Kuprin, is one of the five geological/
geophysical overlays to the Intemnational Bathymetric Chart of
the Mediterranean (IBCM - see below). It is being published
here in lieu of publication like the other four explanatory notes
to the IBCM overlays, the IBCM-G with Bouguer gravity
anomalies (Makris et al., 1998), instrumental seismicity IBCM-S


http://www.discoveryofatlantis.com

J. K. Hall

Figure I11.1. Photograph of the NES Akademik Boris Petrov. The ship is one of three research vessels built in Finland in the mid-1980s for the Russian
Academy of Sciences. The NES Akademik Nikolaj Strakhov is a sister-ship, along with the NES M. A. Lavrentyev. The ships are 75.5 m (248’) in
length, and displace 2600 tons. Additional details on this class may be found in Appendix B of this volume.

>

Figure [11.2. Bathymetric chart of the Eastern Mediterranean (Hall, 1994) with an overlay of the contours from the PRISMED-II survey over Eratosthenes
Seamount from Mascle et al. (2001), and an update of the contours of the Dor Disturbance off Haifa from Hall and Almagor (1984). The original
50 m contours have been digitized, with corrections added for improvements in the bathymetry off northemn Israel. Merged with land topography
and presented as a colored shaded relief image (Fig. [11.3), it presents a fair representation of the ‘real’ Levantine Basin, (but without the fascinating
fabric which 100% swath mapping will reveal).
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4 J. K. Hall

(Legros and Bonnin, 1996, 1999), Plio-Quatemary isopach and
structural contours IBCM-PQ (Gennesseaux et al., 1999), and
magnetic anomalies IBCM-M (Zanolla et al., 1998, 2000), in the
geophysically-oriented Bollettino di Geofisica Teorica ed Applicata
of the University of Trieste in Italy.

THE IBCM, IBCM-II, AND GEBCO COMPILATIONS

In our first book on the work of the NES Strakhov
(Krashennikov and Hall, 1994), we published a bathymetric
chart from 1978 of the eastern Mediterranean (Hall, 1994a). For
reference purposes this chart is reproduced in Fig. I11.2, overlain
by the contours from the PRISMED-II survey over Eratosthenes
Seamount from Mascle et al. (2001), and an update of the contours
of the Dor Disturbance off Haifa from Hall and Almagor (1984).
The original 50 m contours have been digitized, with corrections
added for improvements in the bathymetry off northemn Israel.
Merged with land topography and presented as a colored shaded
relief image (Fig. I1L.3), it presents a fair representation of the ‘real’
Levantine Basin, (but without the fascinating and detailed fabric
which 100% swath mapping would reveal).

My compilational efforts in the 1970s were followed in the
1980s by an ongoing involvement in two joint Intergovernmental
Oceanographic Commission of UNESCO (I0C) and International
Hydrographic Organization (IHO) projects called GEBCO (General
Bathymetric Chart of the Oceans) and IBCM (Intemnational
Bathymetric Chart of the Oceans). In April 2003 GEBCO celebrated
its Centenary (Carpine-Lancre et al., 2003). Founded in 1903 by
HSH Prince Albert 1 of Monaco (1848-1922), GEBCO took on
the task of compiling bathymetric contours for all the world’s
oceans in a series of 16 Mercator charts at 1:10,000,000 scale and
two Polar Stereographic charts at 1:6,000,000 scale. Five editions
were published, the last in 1982 by the Canadian Hydrographic
Service. These editions used 500 m depth contours, with a 200 m
contour inshore, compiled from echo-sounding profiles and spot
soundings.

In the early 1980s GEBCO’s emphasis slowly changed to
the compilation of a gridded digital dataset, originally planned
for a grid spacing of 2.5” (< 4630 m) and ultimately refined and
completed at 1’ (< 1852 m). This new grid was finally published in
April 2003 in conjunction with the GEBCO Centenary celebrations
in Monaco as two CDROMs (BDOC, 2003), with the land data
taken from the 0.5 GLOBE land grid (Hastings and Dunbar, 1999;
Verdin and Greenlee, 1996).

Much earlier, in the late 1970s, the I0C and IHO spun off
another series of seven regional projects called the IBCs (for
International Bathymetric Charts). IBCM was the first, for the
Mediterranean and Black Sea. This was followed by IBCCA for
the Caribbean, IBCEA for the Eastern Atlantic, IBCWIO for the
Western Indian Ocean, IBCSWP for the Southwest Pacific, IBCAO
for the Arctic Ocean, IBCSEP for the Southeast Pacific, and now a
proposed IBCSO for the Southem Ocean (circum-Antarctica).

Each of the IBCs work at a local scale of 1:1,000,000, with
200 m contours and 20 m contours inshore. As the pioneer, IBCM

concluded its 10 sheet bathymetric chart by 1983 (Morelli and
Val’chuk, 1988), and then proceeded to prepare overlays of the
Bouguer gravity anomalies (IBCM-G), seismicity (IBCM-S), Plio-
Quatemnary structural/isopach map based on the Messinian salt
deposits (IBCM-PQ), recent bottom sediments (IBCM-SED), and
magnetic anomalies (IBCM-M). To date none of the other IBCs
have compiled such overlays. Fig. I11.4 shows postcards with the
reductions of the original IBCM, IBCM-G, IBCM-S, and IBCM-
PQ compilations.

In the early 1990s the Editorial Board of the IBCM decided
to produce a gridded IBCM-II, which would be at 0.25” spacing.
By 1995 this spacing had shrunk to 0.1’ due to the increasing
capability of multibeam sonars, the ongoing ‘digitalization’ of the
local hydrographic offices, and a new feeling of confidence that it
was possible. While IBCM-II was confined to the Mediterranean
and Black Seas, my personal area of interest was considerably
larger, i.e. the seas surrounding the Arabian Plate. To this end
over 1700 navigational charts and hydrographic survey fairsheets
for the Mediterranean, Black, Caspian, Red, and Arabian Seas
were digitized, along with those for the Persian Gulf. The charts
were scanned and then the techniques outlined in Chapters 15
and 16 used to extract the soundings. Fig. IILS gives an example
of the wealth of data available in these historical surveys. These
soundings were then used to interpolate grids using a number of
numerical schemes.

Fig. I1L.6 shows the colored shaded relief in the expanded area
including the Mediterranean and the seas surrounding the Arabian
Plate. This was the first try at producing a 1’ gridded dataset for
this expanded area of interest. A DTM of the rapidly shrinking Aral
Sea has been prepared from a contour map produced by DLR, the
German Space Agency, but is not included. A discussion of the
DTM compilation for the Black and Caspian Seas is given in Hall
(2002). Fig. 1117 shows the initial gridding for the Mediterranean
Sea using the digitized Russian soundings plus the digitized IBCM
contours.

Hence my search for newer and better datasets naturally led
to my involvement with the Strakhov cruise, and our distinguished
chief editor V. A. Krashenninikov. However the experience of
joining the Strakhov for six weeks during Cruise 11 in 1990 with
Dr. Gleb B. Udintsev also introduced me to the world of multibeam
bathymetry, and the quantum leap in understanding bottom
topography that the technique offers.

ROLE OF POST-STRAKHOYV SWATH BATHYMETRY

The Strakhov Cruises 5 and 10 were the first systematic
multibeam surveys in the Levantine Basin. However in present
terms the 15 beam Hollming system of the 1980s was a dinosaur.
Swath soundings were taken without accurate navigation, without
in situ sound velocity profiles for calculating refraction, and without
ship’s motion sensors which allow beam-forming to always direct
the transmit and receive lobes downward and place each arrival
in its proper place. Because of these error sources, the full dataset
was seldom used. In fact, users of early 15 beam systems usually
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Figure 111.3. Hysometrically colored bathymetric and topographic shaded relief of the Eastern Mediterranean. The original 50 m contours in Fig. III.2

were digitized and merged with land topography to produce a fair representation of the ‘real” Levantine Basin, but without the fascinating fabric
which 100% swath mapping and the latest SRTM topography would reveal.
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This bathymetric chart is published by the Charts Division of the Head Department of Navigation and Oceanography in Russia under the authority of
the Intergovemmental Oceanographic Commission (I0C) of UNESCO. Onginally compiled from ninety 1:250,000 scale British Admiralty Mercator
plotting sheets for oceanic soundings, it presents the bathymetry and land topography as 200 m contours with supplemental 20 m, 50 m, and 100 m
contours at sea. Several versions are available; a 10 sheet set (each 74 x 90 cm) at 1:1,000,000 scale at 38°N, and a photo-reduction to 1:5,000,000
scale (the source of this postcard). This chart, with an inset of the entire Black Sea at half scale, is also the basemap for a Geological/Geophysical
series with Bouguer gravity anomalies (IBCM-G), seismicity (IBCM-S), thickness of Plio-Quatemary sediments (IBCM-PQ), unconsolidated bottom
surface sediments (IBCM-SED), and magnetic anomalies (IBCM-M) Digital variants and explanatory brochures for these series are in preparation
The digitized marine contours are available on CD-ROM as part of the British Oceanographic Data Centre's GEBCO Digitaf Atias

©) @ Seismicity Map of the Mediterranean Region (IBCM-S)  ( .

’
-

=

This Mediterranean seismicity map was compiled by Yvette Legros and Jean Bonnin under the scientific co-ordination of Jean Bonnin of the
European-Mediterranean Seismological Centre (EMSC) in Strasbourg, France. It is published by the Charts Division of the Head Department of
Navigation and Oceanography in Russia under the authority of the Intergovemmental Oceanographic Commission (I0C) of UNESCO. Some 33,000
separate seismic earthquake epicenters in the Mediterranean region were recalculated and are plotted as colored symbols, with shape denoting
depth of focus, size reflecting magnitude, and color (blue, green, red) showing the historical catalog (1904-1963; 1964-1975; 1976-1988) from which
the events are taken. Explanations are in English and French. The bathymetry is from the 200 m contours of the original IBCM with supplemental 20
m. 50 m, and 100 m contours at sea. Two versions are available; a 10 sheet set (each 74 x 90 cm) at 1:1,000,000 scale at 38°N, and a photo-
reduction to 1:5,000,000 scale (the source of this postcard). An expanded explanatory brochure and printed earthquake catalog are in preparation.

Figure II1.4. Reproductions of four postcards prepared by the author to illustrate (a) the original IBCM bathymetric chart, (b) the IBCM-G Bouguer
gravity anomalies, (c) the IBCM-S seismicity map showing earthquake epicenters, and (d) the IBCM-PQ with the isopachs and structural contours
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Mediterranean Bouguer Gravity Anomalies (IBCM-G) @ ®
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This Bouguer gravity anomaly map was compiled by Jannis Makris of the Institat fir Geophysik in Hamburg, and Carlo Morelli of the Istituto di

Miniere e Geofisica Applicata in Trieste. It is published by the Charts Division of the Head Department of Navigation and Oceanography in Russia
under the authority of the Intergovernmental Oceanographic Commission (I0C) of UNESCO The primary data are from over 114,000 nm of marine
survey carried out in 1965-1872 by OGS in Trieste, and in 1973-1974 by the Dept. of Geodesy and Geophysics of Cambridge University, together
with land compilations. It presents the anomalies in milligals, based upon the 1967 normai gravity formula, a 2.67 g/cm’ Bouguer density, and
topographic commections to 167 km for the land area in the eastemmost four sheets. Contours are every 10 mGat with changes in tint every 50 mGal.
Red tints are positive. The bathymetry is from the 200 m contours of the original IBCM with supplemental 20 m, 50 m, and 100 m contours at sea.
Two versions are available; a 10 sheet set (each 74 x 80 cm) at 1:1,000,000 scale at 38°N. and a photo-reduction to 1 5,000,000 scale

@ Plio-Quaternary Sediment Thickness Map (IBCM-PQ) @ @

This Plio-Quaternary sediment thickness map was compiled under the direction of P Buroliet, M. Gennesseaux, P. Kuprin, E. Tzotzolakis, and E.
Winnock. ItispuuishedbythecrwtsoivisionofmeHeadDepammmdNavigaﬁmandOmnogmphymRuuiaundermeaumomydm

Intergovemmental Oceanographic Commission (I0C) of UNESCO. The primary data derive from us marine seismic surveys of the depth to
the top of the Messinian salt layer, together with land compilations. Contours are in incr of 0.2 sec two-way travel time, with changes in tint at
0.2, 1.0, 2.0, and >30 sec. The bathymetry is from the 200 m contours of the original IBCM with suppiemental 20 m, 50 m, and 100 m contours at
sea_ Explanations are in English and French, and tectonic, diapiric, and volcanic features are indicated inset is a sketch map showing the Messinian
evaporite deposits in the Mediterranean. Two versions are available; a 10 sheet set (sach 74 x 90 cm) at 11,000,000 scale at 38°N, and a photo-
reduction to 1:5.000,000 scale (the source of this posicard). An expanded explanatory brochure is in preparation

of the Plio-Quaternary sediments laid down following the Messinian Salinity Crisis. This occurred in the late Miocene (between 5.96 and 5.33
myBP) when the Mediterranean mostly dried up..
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Figure II1.5. Composite of five of the plotting sheets prepared by officers of the HMS Endeavour during summer surveys off
the Nile Delta in 1919-1922. Altogether about a quarter million spot soundings were made using a steam powered wire

|
d
!
i
|
% !
e, . !
AR 5
R s 7 | |

sounding machine. For the inset in Abu Kir (Aboukir) Bay some 64,000 soundings were recorded on a single fairsheet. This

is the area in which archeologists have recently uncovered the remains of the sunken cities of Herakleion and Menouthis
(which occurred sometime after 740 CE), as well as French shipwrecks from the Battle of Aboukir Bay when on 1 August
1798 Admiral Horatio Nelson defeated the fleet of Napoleon Bonaparte.



Figure 111.6. Colored shaded relief representation in the area including the Mediterranean and the
seas surrounding the Arabian Plate. The bathymetry is primarily from depth soundings from
some digitized 700 Russian Federation (HDNO) navigational charts, with land data from the 1
km gridded HYDRO K dataset. The DTM of the rapidly shrinking Aral Sea is not included. A
discussion of the DTM compilation for the Black and Caspian Seas is given in Hall (2002).
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Figure 111.7. Colored shaded relief representation of the IBCM coverage of the Mediterranean and Black Sea. This is a first try at producing a 1’ gridded
dataset from digitized Russian Federation soundings merged with the older 200 m IBCM contours from the GEBCO Digital Atlas. A discussion
of the much higher resolution DTM compilation for the Black Sea is given in Hall (2002). The IBCM-II compilation will be a gridded 0.1° dataset
based upon spot soundings and inshore contours plus deeper water multibeam data, merged with 0.1” onshore topography from the Shuttle Radar
Topographic Mission (SRTM) of February 2000.
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Figure I11.8. Meandering deep sea channels observed at depths of 1100-1350 m in imagery based upon the first arrival amplitude from 3-D seismic
mapping by the British Gas Group (Hall and Canning, 2001). This area is located west of Netanya in central Israel. Three such channels, 200-600
m wide and 18 m deep are observed. Folkman (2003) attributes them to a northem network of channels emanating out from the Nile distal fan,
like those reported off the Damietta and Rosetta branches of the Nile by Wescott and Boucher (2000) and Bellaiche et al. (2002), which probably
continue downslope into the moat east of Eratosthenes Seamount. At depth the 3-D seismic datasets show similar older buried channel-levee
networks in the underlying Plio-Pleistocene sequence (Wescott and Boucher, 2000; Folkman, 2003). Image courtesy of Dr. Yehoshua Folkman.
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Figure II1.9. Independence Day Celebration aboard the driliship Glomar Challenger, July 4, 1969, DSDP Leg 6, Hawaii-Guam. From left to right,
Alexander P. Lisitzin (Shirshov Institute, Academy of Sciences of the USSR), Alfred G. Fischer (Princeton), Bruce C. Heezen (Lamont-Doherty
Geological Observatory), Lloyd Dill (Captain of the Glomar Challenger), Valery A. Krasheninnikov (Geological Institute, Academy of Sciences of
the USSR), and Anthony C. Pimm (Scripps Institution of Oceanography). Photo courtesy of V. A, Krasheninnikov, identifications by Dr. James V.

Gardner.

neglected the outer beams completely, while the remaining beams
outside the center beam were averaged in groups of three, to give
only five soundings per sweep rather than 15.

For this reason, when in 1995 the Geological Institute of the
Russian Academy of Sciences requested that I transfer the data to
thet National Geophysical Data Center (NGDC - World Data Center
A in Boulder, Colorado, USA), only the center-beam dataset was
supplied. For the sake of completeness, the full Strakhov Hollming
dataset with some 4.65 million soundings is discussed in Appendix
B, and will be available on request on CDROM. Appendix A has
an update of the extensive bibliography which was printed (Hall,
}994b) in the original book. This bibliography, also on CDROM,
includes much new information gathered in the Mediterranean area

in the past decade.

Nearly forty years ago, my Lamont mentor Prof. Bruce C.
Heezen noted that with detailed bathymetric mapping, much could
be leamed about what is going on deep below the seafloor. This
was before the advent of multibeam swath mapping, which has
proved that observation to be particularly cogent.

It is certainly borne out in the eastern Mediterranecan by
the pioneering swath mapping of the French IFREMER/CNES
PRISMED, PRISMED I, and FANIL studies (Mascle et al., 2000,
2001; Loubrieu, Satra, and Cagna, 2001; Bellaiche et al., 2002).
These new surveys were carried out using Simrad EM12D and
EM300 systems with up to 162 beams spread over an arc of up
to 150°, differential GPS navigation, ship’s motion sensing, and
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sound velocity profiles. Our French colleagues (Jean Mascle,
pers. comm. 2003) intend in the coming years to continue the deep
water multi-beam surveys in the far eastern Mediterranean and
the Cilicia Basin, and ultimately throughout the remainder of the
unmapped deep Mediterranean. This was exemplified by the recent
SHALIMAR and BLAC surveys carried out by the N/O Le Suroit
in October-November 2003 off Syria and Lebanon.

Around Israel, recent multi-beam work has convinced us
that our understanding of the eastern Mediterranean was severely
limited. In 2001 the author and the Geological Survey of Israel
(GSD), together with the Israel Oceanographic & Limnological
Research Ltd. (IOLR) and the Survey of Israel (SOI) began
a comprehensive mapping of the Israel Mediterranean offshore
with a Simrad EM1002 95 kHz system installed on the IOLR’s
vessel R/V Etziona (Hall et al., 2002). Results to date have shown
numerous unknown geologic features. These include extensive
scour indicating sediment transport directions, carbonate-cemented
quartz sandstone (‘kurkar’) ridges and eolian-like bedform
platforms, pockmarks and gas vent craters, recent faulting,
erosional channels etc. Because most of the work has been inshore
where progress is slow, the mapping of the deeper features to 1000
m depth will come later. An example of these findings appears in
Chapter 16.

However a brief look at what awaits us was afforded in 2002
during F/S METEOR Cruise 52/2 off Israel. In addition to gravity,
magnetics, CDP reflection, and OBS refraction, METEOR made
continuous swath mapping with a 90° (61 beams, coverage of
2 times the depth) Atlas Hydrosweep system, with narrow beam
Parasound sub-bottom profiler (Grant and Schreiber, 1990). Off
southern Israel, in water depths over 1 km, meandering relict deep-
sea channels were observed in areas of very low gradient, generally
flowing north. The channels curve by up to 300° inside a circle of
about 1.5 km diameter. The channel beds were up to 300 m across,
and incised some 30 m into the regional slope. They exhibited all
the features associated with deep-sea fan channels, such as levee
deposits and side slumps. These features are relict, as all the area is
blanketed with ~12 m of sticky yellow Holocene mud.

Farther north, in an area of some 900 km? 130 km west of
Netanya, Folkman (2003) observed similar features in water depths
of 1100-1350 m in imagery based upon the first arrival amplitude
from 3-D seismic mapping by the British Gas Group (Hall and
Canning, 2001). In this imagery (Fig. ITL8) three such meandering
channels, 200-600 m wide and 18 m deep are observed. Folkman
attributes them to a northern network of channels emanating out of
the Nile distal fan like those reported off the Damietta and Rosetta
branches of the Nile by Wescott and Boucher (2000) and Bellaiche
et al. (2002), which probably continue downslope into the moat
east of Eratosthenes Seamount. The 3-D seismic datasets show

&

similar older buried channel-levee networks in the underlying
Plio-Pleistocene sequence (Wescott and Boucher, 2000; Folkman,
2003).

The Hydrosweep/Parasound recordings and the 3-D seismic
imagery also show numerous sharp ridges and faults, one of which
Folkman (2003) correlates with the onshore Or Akiva fault. It is
highly likely that within a few years, as complete swath mapping
becomes available in the deeper waters offshore, the detailed
pattern of faulting and associated halokinetic deformation will cast
light on what transpired in the recent geological past.

CONCLUDING REMARKS

Our previous book on Cruise 5 of the NES Akademik
Nikolaj Strakhov (Krashenninikov and Hall, 1994) was apparently
quite instrumental in bringing about ODP Leg 160 which drilled
four holes (Nos. 965-968) in a S-N transect across Eratosthenes
Seamount. This provided interesting insights into the geological
history and sequence of vertical movements (Kempler, 1998;
Mart and Robertson 1998; Robertson, 1998a, b). The following
eight chapters in the present book add to this body of knowledge.
However many aspects of the history remain unanswered, such
as the oceanic, continental, or mixed nature of the underlying
crust throughout the basin, the age and distribution of the oldest
sediments, and the sequences of compression, rifting, deformation
and faulting within the tectonic framework. Several new refraction
profiles associated with the DESERT 2000 program and the
METEOR 52/2 GEMME work off northem and southern Israel
have been carried out with much improved recording and OBS
spacings. These will undoubtedly add new data and constraints.

My own feeling is that at this point future deep probes should
be based upon the findings of the upcoming detailed bathymetric
picture and the deep seismics, which will result from the oil
prospection programs which are or will shortly be underway. Until
this new generation of swath mapping is completed, the nearly
quarter century old compilation in Fig. III.1 will continue to be
among the best representations available for the easternmost
Mediterranean.
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Figure [11.10. Photographs of various ships that carried out geophysical work in the Mediterranean. a) Maria Paolina, NATO SACLANT Centre, La
Spezia; b) R/V Vema, LDEO. c¢) F/S Meteor, DFG, Germany; d) F/S Sonne, BMBF Germany; e) R/V Gelendjik, Southern Branch, Shirshov
Institute of Oceanology of the RAS; f) R/V Vityaz, Southern Branch, Shirshov Institute of Oceanology of the RAS; g) R/V Sergei Vavilov, Southern
Branch, Shirshov Institute of Oceanology of the RAS; h) R/V Rift, Southem Branch, Shirshov Institute of Oceanology of the RAS.
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Figure IIL11. Photographs of additional ships that carried out geophysical work in the Mediterranean. a) R/V Atlantis, in Valleta, Malta, WHOIL b) RV
Atlantis II, WHOI; c) N/O L’ Atalante, Ifremer. d) R/V Robert D. Conrad (GOR-3), LDEO; e) RRS Shackleton, IOS Wormley, Godalming, UK; f)
RRS Discovery, IOS Wormley, Godalming, UK; g) Glomar Challenger, DSDP; h) JOIDES Resolution, JOIDES. Photos of additional ships can be

seen in Chapters 15 and 16.
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ABSTRACT

We present the results of ~1700 line km of reprocessed
multichannel deep seismic reflection data recorded in the eastern
Mediterranean Sea, extending from south-west of Cyprus to the
coast of Syria. The data required careful processing, including
individual deconvolution operators to remove the effects of
ghost and bubble pulses inherited from the streamer and airgun
configurations, and to improve the temporal resolution. The
primary reflections were masked by multiple energy from the
seafloor and the uppermost sedimentary layers which required
Jk and wave-equation demultiple procedures. Pre-stack depth
migration provided a first insight into both the subsurface and deep
velocity information for the area, which revealed from west to east
a complex pattern of crustal blocks and sedimentary-tectonic units.
These reflect the various stages of the incipient collision between
Africa and Eurasia.

L. INTRODUCTION

The geometry and precise location of the plate boundary
between Africa and Eurasia in the eastern Mediterranean Sea
has been a matter of debate, and its evolution is still unclear (e.g.
Kempler, 1994; Woodside et al., 1997). Seismicity, high resolution
bath}'metry, gravity, magnetics as well as several shallow seismic
surveys and some wide-angle data indicate that there are different
tectonic segments (e.g. Hall et al., 1994; Makris and Wang, 1994;
Makris et al., 1994; Udintsev et al., 1994; Makris et al., 1983). The
multichannel seismic data acquired during Cruise 5 of the Research
_Vessel ‘Akademik Nikolaj Strakhov’ provided the opportunity to
illustrate the deeper structures and the deformational pattern of
the area. A set of profiles from south-east of Cyprus to the coast
of Syria were oriented subparallel to the presumed direction of
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plate convergence and are tied by a crosscutting SW-NE-striking
line (Fig. 9.1). The most prominent topographic high in the
area, Eratosthenes Seamount south of Cyprus, is crossed by two
profiles (Lines 8 and 10, Fig. 9.1). Another topographic high, the
Florence Rise west of Cyprus, is traversed by Line 9 (Fig. 9.1).
The three seismic lines in the west provide useful information on
the deformational patterns resulting from the collision of tectonic
fragments (both from the north and the south) in a convergent
regime, and its affect on the vertical tectonics of the Cyprus area.

2. DATA ACQUISITION

In 1987, Strakhov Cruise 5 yielded more than 1700 km of
multichannel seismic (MCS) data along ten profiles between
the Herodotus abyssal plain in the west and the Syrian coast in
the east (Fig. 9.1). The first images of CMP-stacked sections
were processed at the computer center of SOYUZMORGEO in
Krasnodar (near Gelendzhik), and were presented by Kogan and
Stenin (1994). For the seismic acquisition an airgun array sound
source with a total volume of 12 liters and a chamber pressure of
15 MPa (150 bar) was used. The source airgun array consisted of
4 chambers, each displacing 3 liters, which was towed at a depth
of 12 m. The shot point interval was approximately 100 meters
for all the seismic lines. The hydrophone array had 48 channels,
each group consisting of 21 receivers spread along 45 meters.
The centers of each hydrophone array group were separated by
50 m, resulting in a total active array length of 2350 meters. The
minimum and maximum offset from the source was 375 m and
2725 m, respectively. For more details, see Kogan and Stenin
(1994). The seismic data from the survey were stored digitally on
130 magnetic tapes at 1600 bpi in SEG-B format, with a sampling
rate of 4 ms and a trace length of 12 s.
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Table 9.1. The seismic lines acquired during Cruise 5 of *Strakhov’. Line 7 and Line
10c are not shown here as they did not undergo the full reprocessing cycle to depth
migration.

Profile No. Record No. CMP No. Length (lan)
i 998-2224 1942-6893 123.8
2 998-2253 1942-7009 126.7
3 989-2430 1924-7735 1453
4 990-2188 1926-6765 121.0
5 990-2518 1926-6189 106.6
6 996-2144 1938-6577 116.0
7 996-2180 1938-6721 119.6
8 10001-12312 19948-29239 2323
9 998-2831 1942-8317 159.4

10a 9996-12219 19938-28830 2223
10b 9998-12300 19942-29197 2314
10c 9998-10266 19942-21014 26.8

Total Length in km 1731.2

3. SEISMIC DATA ANALYSIS AND PROCESSING

First of all, the magnetic tapes on which the raw seismic
data were archived had to be physically cleaned. They were then
temporarily copied onto a different magnetic media in order to
avoid read errors for the following procedures. The cleaned tapes
were then demultiplexed and rewritten in SEG-Y tape format. To
simplify the acquisition geometry, a constant shot point distance
of 100 meters was assumed. For CMP-binning, a bin width of
25 meters was defined, resulting in a 12 fold coverage (Table
9.1). As the raw data were recorded with spatially varying time
delays, a near trace section was used to define the time shifts
along the seismic lines. To determine the geographical locations
of the MCS lines, the seismic data were time-migrated with water
velocity and the resulting seafloor topography compared to the
time converted seafloor depths acquired simultaneously by the
Hollming multibeam echo-sounder. The geographical coordinates
were then interpolated from the TRANSIT navigational satellite
system fixes acquired during the seismic survey. The processing
sequence applied to the data is displayed in a flow chart (Fig. 9.2)
which illustrates each processing step.

All the preprocessing algorithms, which were applied to
improve the quality of the subsurface information, are part of
the commercial GEOSYS® software package from PRAKLA-
SEISMOS GmbH. From the initial check on the data quality
using the shot gathers it became apparent that the individual
channels of the streamer had different amplitude levels, which
sometimes changed along the line. A long window trace
normalization followed by a spherical spreading correction was
used to compensate for these spatial and temporal variations in
amplitude. As the source contained an oscillating bubble and
the streamer depth continuously varied along its active length, a
complex interference of the bubble pulse and the streamer ghost
was superimposed on the main arrivals.

Thus, a special signal processing procedure became necessary.
Firstly, a deterministic minimum delay transformation was applied,
to fulfill the requirements for the deconvolution processes.
A shotgather-consistent spiking deconvolution was followed by

a bandpass filtering in minimum delay characteristic, so that most
of the source bubble energy was removed. After sorting the data
into common receiver gathers, a receiver gather-consistent spiking
deconvolution and subsequent bandpass filtering in minimum
delay characteristic of the 48 neighboring shots were applied.
In this domain, the receiver ghost appears most coherent in the
autocorrelation function assuming that the streamer depth for one
receiver varies only slightly along the seismic profile. To remove
all multiple reflection events created between the free surface
and the seafloor, a Kirchhoff-based wave equation demultiple
procedure was applied (Wiggins, 1988). No assumptions were
made conceming the complexity of the seafloor topography.

From the knowledge of the seafloor topography a multiple
model was calculated from the shot gathers by wave-field
extrapolation. Thus, a primary reflection produces the first multiple.
From the location of the first multiple, the second order multiple
can be predicted, and so on. By this procedure, all multiples created
between the free surface and the seafloor can be simulated. Next,
the predicted multiples have to be matched in phase and amplitude
to the original data before they can be subtracted from the real shot
gather. After subtraction, most of the multiple energy is removed
from the original data (even from those multiples having a complex
geometry).

To remove the remaining multiple energy in the data, a
multiple suppression procedure, which is based on the apparent
velocities between primary and multiple events in the common
mid-point (CMP) domain, was applied. To reduce the spatial
aliasing in the CMP-domain, four neighboring CMP gathers were
merged together to create a super CMP-gather. After a normal
moveout (NMO) correction and an additional time correction, the
primary events dip upward whereas the remaining multiple energy
still dips downward. Based on these differences in the apparent
velocity, a frequency-wave number (i.e. f~k) filter was designed to
remove only the downward dipping events. After filtering, these
additional time and normal-moveout corrections are removed from
the filtered gather.

To improve the temporal resolution of the seismic data, a
two-window-predictive single trace deconvolution was applied,
which is a compromise between temporal resolution and signal-to-
noise ratio. The two windows were designed to accommodate the
uppermost 2-3 s of the sedimentary layers and the remaining time
samples in the lower part of the data respectively. As a final step in
the preprocessing sequence for the data, a time variant frequency
filter and an inner trace mute were applied, because the multiple
energy mostly remains on the near offset traces.

The unstacked preprocessed data were then either used for
input into the pre-stack depth migration procedure, or to produce
a stack and time migrated section. To produce a stack, the velocity
function was determined from conventional velocity analysis by
constant velocity CMP stacks and NMO-corrected CMP gathers
along the seismic profiles. As the stacked data do not represent the
geological cross section when the subsurface structure is complex,
a post-stack time migration was applied. To define the velocity
information necessary for the migration, the stacking velocities
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were converted into interval velocities, and were then manually
smoothed. The time migration algorithm used is based on recursive
downward extrapolation and is performed in the fx (frequency,
spatial coordinate) domain with a 45 degree operator. This
migration algorithm allows vertical and lateral velocity variations.

Given that the seismic images consist of predominantly
gently dipping reflectors and moderate lateral velocity gradients,
conventional CMP velocity analyses of MCS data often provide
good regional estimates of seismic velocity and the subsurface
image. Traditional analyses fail in regions of dipping horizons or
strong lateral velocity variations. To avoid problems resulting from
variable data sets with inclined structures, we used a combination
of iterative pre-stack depth migration and focusing analyses to
determine a geologically plausible velocity model resulting in a
true depth subsurface image for detailed structural interpretation.

Depth migration does not only produce a section in depth, but
(in contrast to conventional processing and imaging) it also corrects
for refraction due to bending of the rays at velocity gradients and
interfaces (Hubral, 1977) according to Snell’s law. Such effects may
become particularly important when features like high-velocity salt
structures abut low-velocity sediments. Overall depth migration
produces an image that is geometrically more correct than the best
possible time-migrated or depth-converted section.

The pre-stack depth migration algorithm, which was used to
image and analyze reflective boundaries, is part of the commercial
KirPack Kirchhoff migration package (SIRIUS® from GX
Technology), and includes focusing depth error analysis. The
focusing analysis principle — main energy at zero offset and zero
time - is shown at the top of Fig. 9.3. Pre-stack depth migration
uses two imaging conditions, zero time and zero offset, during
downward continuation to form a migrated depth section. When
the migration velocities are precisely defined, the two imaging
conditions interact in a complementary fashion to yield a focused
image. When the migration velocities are inconsistent, the reflected
energy collapses to zero offset at a depth incompatible with
the zero-time imaging condition. However, by interpreting the
non-zero times at which focusing actually occurs, the migration
velocities can be updated iteratively in a process called depth-
focusing analysis (MacKay and Abma, 1992).

Here, it is necessary to create a velocity model on a ‘one layer
at the time’ basis, as the overburden velocities affect those velocities
determined for deeper levels. First the water velocity is estimated
for the area, and an iteration is run. Thus, we first checked the
estimated water velocity, then incorporated the determined velocity
into the second iteration together with the velocity of the topmost
sedimentary layer estimated, and so on. As some uncertainty exists
concerning the assumed velocity for every following iteration (i.e.
the next deeper layer), depth-focusing error analysis was used
for quality control of the estimates at intervals of every 80 CMP
locations.

The procedure described above was repeated five to ten
times on each profile (depending upon the complexity of the cross
section) until the entire section had been analyzed for velocity. As
the quality of the focusing analysis changed significantly along

a seismic line and between the lines, a special model building
procedure was needed. At distinct locations on the profiles a
very detailed model was determined based on several reflecting
boundaries.

To build a consistent velocity model for the whole region,
especially in the areas of the crosscutting tie points and those
with poor reflective energy of the returns, a vertical and horizontal
velocity gradient was estimated which:

a) satisfied the detailed velocity function determined from
several reflecting boundaries;

b) was consistent at the crossing points between the profiles;

c) followed the lateral changes in the geological units;

d) was consistent with the mean interval velocity for the existing
wide-angle data models; and

e) was consistent with the observations from drillholes and the
sampling results along the Eratosthenes Seamount.

The upper limit for the velocity values was chosen to be
6 km/s. From wide-angle data obtained by Makris et al. (1983)
and Makris et al. (1994), a mean crustal velocity of 6.7 km/s was
assumed for depths greater than 12-14 km below the Levantine
Basin, and a mean velocity of 6 km/s at depths greater than ~6
km for Eratosthenes Seamount. However, even if the assumed
migration velocity differs from the velocity of the rocks, the error in
the migrated energy is not significant at depths greater than 10 km.
The reason for this is the relatively short streamer length of ~2.4
km, as velocity errors only affect the depth positioning of reflected
migrated events. As a result, an optimized depth migration image
and velocity model, both detailed and geologically meaningful,
were obtained for each line. However, reflectors at crustal depths
have to be treated with caution.

An example of depth imaging and focusing depth-error
analysis on the real data is shown at the bottom of Fig. 9.3. The
vertical velocity gradient underneath the salt layers was determined
from several sediment reflectors along the profiles. The mean
interval velocity, without the velocity gradient from 4 km depth
down to the interpreted basement reflection at ~11 km, corresponds
to an average of 4 km/s.

4. SEISMIC IMAGES

Figs. 9.4 through 9.14 show the processed seismic sections
which contain the stacks, the depth migrated image, and the
interval velocity model derived by depth focusing analysis overlaid
by the line drawing of the depth migration. At several locations,
the velocity function is shown with a deflection corresponding to
the velocity grayscale bar. Because weak signals may sometimes
have been lost at greater depth as a result of the depth migration,
interpretation of the deeper section was carried out on the stacked
section. The interpretation was then depth-converted and integrated
into the line drawing. '

Figs. 9.4 through 9.10 show the images of seismic lines
1,2, 3,4,5, 6, and 10a in the eastern part (see also Fig. 9.1). A
structural interpretation of these lines crossing the Levantine Basin,
Hecataeus Rise, the Cyprean Basin, and the Larnaca and Latakia
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Fig. 9.15. 3-D view looking from a south-west direction of the eastern part of the study area, including interpretative line drawings of seismic lines 10a, 2, 3,4, 5,and 6.
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Ridges is presented by Vidal et al., this volume. Figs. 9.11 through
9.14 show the seismic images of seismic lines 8a, 8b, 9, and 10b,
in the western part (see also Fig, 9.1). A structural interpretation of
these lines which cross Eratosthenes Seamount and the Florence
Rise is presented by Kopf et al., this volume. Three-dimensional
views of the lines of the eastern and westem part are shown in Fig.
9.15 and Fig. 9.16, respectively.

5. CONCLUSIONS

The processing of the multichannel seismic lines collected
during Cruise 5 of the R/V ‘Akademik Nikolaj Strakhov’ has
provided the first images at depth of the collision zone between
the African and Eurasian plates. To image the shallow sediment
structures in detail, special signal processing was necessary to
optimize the temporal resolution of the recorded wavelets. The
multiple events created within the water column were largely
removed by a cascaded application of a wave equation demultiple
procedure followed by a velocity filter in the £k domain. To image
subsurface structures in detail beneath a complex overburden with
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ABSTRACT

We present the results of reprocessing five multi-channel
seismic (MSC) profiles from Cruise 5 of R/V ‘Akademik Nikolaj
Strakhov’. The lines extend from the south of Cyprus to the
Syrian coast and are oriented perpendicular to the major structural
elements in the area. Reprocessing has substantially improved
the previously published images (Kogan and Stenin, 1994), and
now reveals the complete sedimentary succession and provides
geometric constraints on the structural complexities associated
with the plate boundary.

The sedimentary sequence in the Levantine Basin extends
down to 8-9 s, which corresponds to about 12-14 km of sediment
thickness. The salient features within the basin’s sedimentary
sequence include the strong reflection signature from the top of
the Messinian deposits, as well as their base, and well-defined
unconformities. The junction of the basin with the Hecataeus Rise
lies within a complex region, and coincides with an abrupt change
in the reflection character. Sedimentary layers are not imaged
beneath the rise. This junction may represent the juxtaposition of
the African and Anatolian plates south of Cyprus.

To the east, the deformation appears to take place along two
scparate segments, the Latakia and Lamaca Ridges, which are
Joined by the Gelendzhik Rise. They are bounded by major fault
systems. We suggest that the most active plate boundary follows
the southernmost deformation front (i.e. along the Gelendzhik Rise
and Latakia Ridge).

L. INTRODUCTION

MSC profiles from Cruise 5 of the R/V ‘Akademik Nikolaj
Strakhov” (Krasheninnikov and Hall, 1994) provide widespread
covefage to the south and east of Cyprus, in the eastemmost
Mediterranean. Five NW-SE trending seismic lines, shown in Fig.
10.1, cross an area of active continental collision. The Cyprean
Arc forms the plate boundary between the African and Anatolian

41

plates (McKenzie, 1970, 1972; Smith, 1971; Dewey et al., 1973;
and Nur and Ben-Avraham, 1978). Its Late Tertiary-Quaternary
eastern Mediterranean tectonic evolution is reviewed in a paper by
Robertson and Grasso (1995).

Northward subduction along this active margin (Kempler
and Ben-Avraham, 1987) is considered to have begun in the early
Miocene (Eaton and Robertson, 1993; Robertson et al., 1990).
The geometry of the plate is a matter of debate, and its evolution
is likely to have varied laterally. West of Cyprus, north-eastward
subduction of the eastern Mediterranean crust is well established
(Rotstein and Kafka, 1982; Kempler and Ben-Avraham, 1987,
Ben-Avraham et al., 1988; Woodside, 1976, 1977; Ambraseys and
Adams, 1993; Oral et al., 1995). South of Cyprus, in the central part
of the Cyprean Arc, the present northward subduction is influenced
by the effects of the collision of continental fragments (Rotstein
and Kafka, 1982).

Eratosthenes Seamount is considered to be a fragment of
continental crust that is undergoing subsidence and break-up in
a zone of incipient collision between the African and Eurasian
plates (Woodside, 1977, 1991; Ben-Avraham and Nur, 1986;
Krasheninnikov and Hall, 1994; Makris and Wang, 1994; Limonov
etal., 1994; Robertson et al., 1990, 1994, 1995; Kopfet al., Chapter
11 in this volume), thus establishing the junction between the
African and Anatolian plates. East of Cyprus, differential motion
between the African, Arabian and Anatolian plates (Westaway,
1994; Oral et al., 1995; Reilinger et al., 1997) is responsible for a
change in the mode of convergence and in the type of deformation
in this area. Sinistral strike-slip motion with some component of
shortening is proposed east of Cyprus (Kempler and Ben-Avraham,
1987; Kempler and Garfunkel, 1994). According to many authors,
the main area of active convergence extends from southern Cyprus
to Iskenderun Bay, towards the junction of the East Anatolian fault
with the extension of the Dead Sea rift system (McKenzie, 1970,
1972; Dewey and engér 1979; engér, 1979; Rotstein and Kafka,
1982; Girdler, 1990). Ben-Avraham (1978), however, suggested
that there is no well defined plate boundary in this area, and Le
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Fig. 10.1. Location map of profiles of ‘Strakhov’ Cruise 5.
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pichon and Angelier (1979) considered it to consist of a broad zone
of thrusting rather than a discrete plate boundary.

The latest results incorporating bathymetry and shallow
mic reflection lines (Ben-Avraham et al., 1995) suggest that the
present plate boundary lies at the Eastern Cyprean Arc and extends
along the Gelendzhik Rise and Latakia Ridge to the continental
margin of Syria. The dataset of Strakhov Cruise 5 provides the
first deep seismic reflection images of the area. These images
suffered from multiples and diffracted energy, which to a large
extent masked the sedimentary succession and structure. In this
paper, we present and discuss the principal results obtained after
the reprocessing of five lines from this survey, located southeast
of Cyprus (Fig. 10.1). Multiple energy and diffraction tails were
largely eliminated to reveal a very thick sedimentary succession
within the Levantine basin, and the structural complexities at the
plate boundary. Here we focus on the lateral west-to-east structural

variations.

seis!

2. SEISMIC DATA DESCRIPTION

In 1987, Cruise S of ‘Strakhov’ acquired 1700 km of marine
multi-channel seismic reflection data at the convergence zone
from southwest of Cyprus to the coast of Syria. A 12-liter airgun
seismic source and a 48 channel streamer were used on all lines.
The shotpoint spacing was 100 m and the hydrophone array had
an active length of 2350 m. The recording length with variant
time delays was 10 s two-way travel time (TWT). The results of
the preliminary processing were presented by Kogan and Stenin
(1994). The data required careful reprocessing due to the low fold
(12 traces by a common midpoint (cmp) spacing of 25 m) and poor
signal quality. The reprocessing is described in detail by Klaeschen
et al. (Chapter 9 in this volume). In this paper, we present the post-
stacked time-migrated seismic results for five of the lines.

Selected parts of the data are displayed at a larger scale to
enhance the details and amplitude information.

2.1 Lines 1 and 2

From SE to NW, Line | passes over the Levantine Basin,
crosses the Hecataeus Rise, and terminates near the coast of
Cyprus (Fig. 10.1). The post-stack time-migrated section is shown
in Fig. 10.2. From the southeast, the first 60 km traverse the thick
fill sequence of the Levantine Basin. Reprocessing has attenuated
the strong multiples to reveal the stratigraphy of the Tertiary-
Mesozoic sequence. A set of horizontal reflections is observed to
Fhe maximum 10 s TWT depth of the record. The nomenclature and
Interpretation of the principal structural units are taken from Kogan
and Stenin (1994).

Based on the regional geology and the seismic data previously
available, the main depositional sequences correspond to Pliocene-
Holocene, Upper Miocene-Messinian, Paleogene-Neogene, and
Cretaceous-Jurassic. The Pliocene-Quaternary and Miocene units
are clearly deformed from km 35 up to the Hecataeus Rise (Fig.
10.2 and Fig, 10.3). Small folds are present in these units and the

irregular sea-floor topography attests to the recent activity associated
with these structures. Another remarkable feature is the marked
unconformity at 5 s (km 40-65), as well as the pronounced upward
bend of the proposed Mesozoic units towards the Hecataeus Rise.
Kogan and Stenin (1994) interpreted the reflector at 7.8-8.0 s (Fig.
10.2) to be the base of the Mesozoic-Paleozoic sedimentary unit
corresponding to the top of the crystalline basement. Reprocessing
of this line substantially enhanced the resolution of this reflector,
which nises from 8 s (km 30) to 6.5 s (km 65) upon approaching
the rise. Unfortunately the 10 s recording precludes our seeing any
change in the reflective character below. The basin is assumed to
terminate approximately at the junction with the Hecataeus Rise
to the north, where the layered character of the entire sedimentary
sequence ends abruptly (at km 65 in Figs. 10.2 and 10.3). There
is no northward continuity of the sediment reflectivity associated
with the Levantine Basin even though weak reflections below the
rise are visible. Northward, from km 65 to the end of the profile,
the strong signature of the Messinian unconformity (M reflector)
on the rise is the most prominent feature.

Beneath the M reflector, two weak sub-horizontal reflections
are distinguished and can also be traced. They are interpreted
as the base of the Upper-Miocene and the Paleogene-Neogene
units. Unfortunately, the presence of strong remnant multiple
energy from the sea bed/water interface and uppermost sediment
masks the imaging of the deep structure. Nevertheless, there is no
evidence of any continuous reflectivity across the area. Line 2 lies
about 25 km to the northeast and is sub-parallel to Line 1 (Fig.
10.1). It extends from the Levantine Basin to the eastern flank of
the Hecataeus Rise, and then across the Cyprean Basin up to the
coast of Cyprus. Its post-stacked time migrated seismic section is
displayed in Fig. 10.4.

The structure below the Levantine Basin is similar to that
described for Line 1. Although main depositional units appear
similar for both lines, there are some differences. Deformation
affecting the Pliocene-Quaternary and Miocene units extends for
some 15 km south of the rise, in front of a 35 km wide zone of
deformation that is broader than that observed in Line 1. Towards
the rise the upward bend of the reflectors associated with the
Mesozoic-Paleozoic units is also evident here (between km 40-60),
but appears to be concentrated in the junction area between the
basins. At this point, the entire sedimentary sequence terminates
abruptly (Fig. 10.5). To the north of the Levantine Basin, beneath
the Pliocene-Quaternary sediments, the Messinian sedimentary
layer is again the most prominent event. It appears faulted and
deformed, with some faults reaching the seafloor in places. Between
the Hecataeus Rise and the continental slope, the Cyprean Basin is
clearly imaged with its 1.8 s thick Pliocene-Quaternary, Miocene,
and Paleogene sedimentary sequence (Fig. 10.6). The sedimentary
layers thin towards the north and the south. In accordance with Line
1, the observed weak reflectors underneath the basin fill may be
interpreted as the top of the Mesozoic unit. There is little evidence
of prominent ‘real’ reflections, but only of remnant multiple energy
imaged at deeper levels.
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2.2 Lines 3,4,and §

Profiles 3 and 4 extend along the eastern segment of the
Cyprean Arc (Fig. 10.1). Their post-stacked time-migrated sections
are displayed in Fig. 10.7 and Fig. 10.8. This complex area is
composed of several basins and ridges that are clearly seen in the
bathymetric data (Fig. 10.1; Hall et al., 1994). The northern ridge is
the Kyrenia Ridge, considered to be the north-eastern extension of
the Kyrenia Range in Cyprus (Robertson and Woodcock, 1986). It
separates the Adana Basin (between Cyprus and Turkey) from the
Latakia Basin and continues as a structure into Iskenderun Bay. To
the south, the Larnaca Ridge extends from southeast of Cyprus up
to Antakya Bay. South of Larnaca are located the Cyprean Basin
and its prolongation to the east. Finally, the Latakia Ridge is the
lowermost step in the Cyprean Arc, north of the Levantine Basin.
The junction between the Larnaca and Latakia Ridges is marked by
the NE-SW trending Gelendzhik Rise. The ‘Strakhov’ lines do not
reach the Kyrenia Ridge, but they extend across the Larnaca and

Latakia Ridges, and the Latakia, Cyprean and Levantine Basins.

The structure of the sedimentary sequence in the Levantine
Basin for Lines 3 and 4 (Figs. 10.7 and 10.8) is similar to that
described for Lines 1 and 2 (Figs. 10.2 and 10.4). Although the
same units are observed in both lines, they display clear differences
associated with a change in the intensity of sediment deformation
towards the Latakia Ridge (Fig. 10.9 and Fig. 10.10). Below the
Pliocene-Quatemnary units, more deformation is observed to the
east, with a pronounced upward bending of the pre-Messinian
sedimentary sequence. This upward pull is also observed along Line
3 but it is less gradual and concentrated at the end of the Levantine
Basin. As with Lines 1 and 2, there is deep reflectivity between
6-8 s which may be associated with the Mesozoic-Paleozoic unit.
The basin terminates abruptly at the southern border of the ridge
(Fig. 10.9), where the sedimentary sequence pinches out. A clear
onlap is observed along the evaporitic unit (Fig. 10.10, km 25-35 at
3.5 s). This infers that the deformation affecting the area is Upper
Miocene in age.
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Fig. 10.9. Blow up of Profile 3: junction of the Levantine basin-Latakia Ridge.

To the north, the deformation associated with the Latakia
and Lamaca Ridges and the Latakia and Cyprean Basins controls
the tectonic structure of the Eastern Cyprean Arc (Figs. 10.7 and
10.8). The basins show some similarities, both being inclined to
the south and clearly deformed in their southern parts towards the
two ridges. The Pliocene-Quatemary layer is cut by faults in some
areas and protruded by evaporite diapirs. In some areas, especially
n the ridges, the post-Messinian sediments are pulled up, attesting
for its recent activity. Below this upper sedimentary sequence, the M
horizon is the most pronounced reflector. The evaporitic sequence
is thinner for the Latakia and Cyprean Basins than the one observed
0 the Levantine Basin. Well beneath the evaporites a clear
discontinuity can be traced and has been interpreted as possibly the
top of the Mesozoic-Paleozoic sequence. Despite the similarities
between the two basins and the tilting of the sedimentary units

towards the adjacent ridges, the images of Lines 3, 4, and 5 differ
substantially and suggest a change in the character of deformation
of the arc to the northwest.

Another important feature is the existence of some deep
reflections, observed mainly between the Lamaca and Latakia
Ridges (Figs. 10.7 and 10.8). The easternmost area of the Cyprean
arc (Line 5, Fig. 10.11) is influenced by the proximity of the Syrian
coast (Fig. 10.1). The sedimentary fill south of the Larnaca Ridge is
thicker than that seen on Lines 3 and 4. As the ridge is approached
the nature of the reflectivity changes (Fig. 10.12), with a sharp
boundary observed immediately on its southern flank.

3. DISCUSSION AND CONCLUSION

Interpretion of the seismic images along Lines 1-5 show
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Fig. 10.10. Blow up of Profile 4: junction of the Levantine basin-Latakia Ridge.

a regular sedimentary pattern throughout the Levantine Basin fill
(Figs. 10.2, 10.4, 10.7, and 10.8). A detailed velocity-depth profile
down to 6-7 km is provided by the pre-stack depth-migration
of Klaeschen et al. (Chapter 9 in this volume). The Pliocene-
Quaternary sedimentary cover is between 400 to 600 m thick.
Beneath a 100 m thick unit with a seismic velocity of 2 kmy/s,
a 2.5 km/s velocity is observed. At about 2.5 km depth, the top
of the Upper Miocene-Messinian unit is seen. It has an average
thickness of 1.3 km and its velocity is 4.3-4.5 kim/s. These interval
velocity values are consistent with a salt layer. Its base is at a depth
of approximately 4 km. The underlying Paleogene-Neogene layer
marks a decrease in the interval velocity to 3.2-3.8 kmy/s that
extends to a highly reflective package at 6 km depth. The horizon
around 6 km is interpreted as the top of the Mesozoic-(?)Paleozoic
sedimentary unit. The velocity control beneath this depth is not

reliable.

Although an increase in velocity is suggested, no precise values
are derived from the data. The velocity of 4.5 km/s obtained from
the previous wide-angle study in the area (Makris et al., 1983) has
been used as a reference velocity to migrate the deep levels. Even
though some remnant multiple energy exists, the real reflections can
be followed along the lines down to the end of the 10 s recording.
Energy at 8 s is interpreted as the lowermost reflector, indicating
a depth of 12-14 km. This reflector could represent the top of the
crystalline basement in the area. It agrees with the depth suggested
from the wide-angle interpretations (Makris et al., 1983).

Nevertheless, we do not observe a fundamental change
in reflectivity and the 10 s recording does not allow the deeper
structure to be imaged. Processing has revealed the complex
junction between the Levantine Basin and the Hecataeus Rise
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(Figs. 10.3 and 10.5). The results suggest the existence of an
important west to east variation in the deformation character of the
area. South of Cyprus, present-day northward subduction is well
established (Robertson et al., 1990, 1995) influenced by the effect
of the collision of Eratosthenes Seamount. A comparison of the
results obtained there by Kopf et al. (Chapter 11 in this volume),
with the structure found at the junction with the Hecataeus Rise,
shows there is no evidence for subduction to the east. No trench
is observed, and no dipping and no increase in the sedimentary
thickness either approaching or below the rise (Fig. 10.4).
However, from south to north an important discontinuity
is imaged. There is an abrupt change in the reflective character,
and the sedimentary layers are not imaged beneath the rise. This
vertical and abrupt discontinuity infers the presence of a strike-slip
fault system at the southern boundary of the rise. We interpret the
junction area as the plate boundary for Lines 1 and 2. We consider

the Hecatacus Rise to be the southern border of the Anatolian
plate, south-east of Cyprus. Active faulting and deformation
are observed along the Hecatacus Rise with the evaporite unit
protruding through the younger sediments and rising to the seafloor
in places. Evidence of subsidence was pointed out by Udintsev et
al. (1994) who carried out a detailed analysis of the post-Messinian
sedimentary cover. A young, well-stratified regressive sedimentary
sequence occurs in the Cyprean Basin (Fig. 10. 5), offlapping the
Hecataeus Rise slope and onlapping the fault scarp of the Cyprean
slope. It may suggest recent subsidence of a block of the Hecataeus
Rise relative to the Cyprean Massif, and would therefore suggest a
young age for the Cyprean Basin.

The eastern part of the Cyprean Arc is marked by two main
structural lineaments: the Latakia and Larnaca Ridges (Fig. 10.1).
The Latakia Ridge defines an abrupt N-S-change in reflectivity
of the structures and in the type of deformation. The boundary is
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characterized by the existence of a steep fault that can be traced
on both Lines 3 and 4 (Figs. 10.9 and 10.10). The seismic images
display occasional flower structures along these profiles suggesting
strike-slip movement on this fault. The transpressional tectonic
movements in the area suggest that lateral slip dominates fault
displacement south of the Hecataeus Rise, while only a minor
component of downward subduction occurs. There are no
indications that support accretion.

The eastem extension of this boundary close to the Syrian
coast can also be seen along Line 5 (Figs. 10.7, 10.8, and 10.11).
The image obtained here suggests that the fault has deviated to
the north, i.e. to the area of the Lamaca Ridge. This change in the
location of the boundary could be attributed to its proximity to the
Syrian coast and to the influence of the Arabian plate moving in a
north-west direction.

The Lamaca Ridge also constitutes a major lineament in this
area. It is characterized by a second fault system marked on Lines
3, 4 and 5 (Figs. 10.7, 10.8, and 10.11). Evidence of extension
is inferred by the configuration of the two basins between the
ridges, as well as by normal faulting along their margins. These
features, however, are of minor significance as compared to the
overall compressional deformation resulting from a scenario of
ridges with thrusts and reverse faults. The MCS profiles show
that the location of the plate boundary for the Eastern Cyprean
Arc follows the prolongation to the east of the Anatolian-African
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plate boundary located between southern Cyprus and Eratosthenes
Seamount, and runs east-west at the junction of the Hecataeus Rise
and the Levantine Basin. From there, it follows the Gelendzhik
Rise to Latakia Ridge and is displaced east-northeastward upon
approaching the Syrian coast. This plate boundary is marked by
two NE-trending structural lineaments, which follow the Latakia
and Lamaca Ridges and are governed by the transpressional fault
system.

The seismic images appear to support a northeastward
bending of the plate boundary towards Syria (i.e. into the direction
of the East Anatolian fault zone). The Anatolian plate moves to
the west with a major component of counterclockwise rotation
versus translation (McKenzie, 1970; Dewey and engér, 1979;
Jackson and McKenzie, 1988; Westaway, 1994; Oral et al., 1995).
The important differential motion of 15 mm/yr (Oral et al., 1995)
between the Arabian and African plates is accommodated by left
lateral motion along the Dead Sea transform fault.
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ABSTRACT

Multichannel seismic reflection lines across the collision zone
between the African and Eurasian plates provide insight into the
deformational pattern of microplate tectonics. Three lines were
acquired across Eratosthenes Seamount and the Florence Rise
during Cruise 5 of the R/V ‘Akademik Nikolaj Strakhov’. They
reveal the complex deformational patterns related to the collision of
continental fragments with the subduction system west and south-
west of Cyprus.

Careful reprocessing of the original data (i.e. deconvolution,
Jk, and wave-equation demultiple operators etc. - see Klaeschen
et al, Chapter 9, this volume) removed artifacts and improved
the temporal resolution to provide detailed images. Prominent
reflections in depth-migrated sections were traced down to depths
of 12-14 km.

Eratosthenes Seamount is a continental fragment, detached
from the North African margin, that is now causing tectonic uplift
of Cyprus as its northern flank undergoes subduction. As the trench
sediments north of the seamount appear undeformed on seismic
lines, it is assumed that the down-going slab undergoes extensional
deformation at its top, possibly due to flexural effects. This is
also mirrored by normal block faulting, and the horst-and-graben
topography of the carbonates on top of Eratosthenes. Nevertheless,
the breakup of the seamount is illustrated by northeastward-
dipping faults which are believed to mark the northward migration
of the present plate boundary between Africa and Eurasia. On its
southwestern and southern flanks, the seamount is overridden by
sediment from the Herodotus abyssal plain which may be viewed
3 undergoing back-thrusting. North of Eratosthenes, accreted
Material, which was supposedly scraped off the Levantine seafloor
before the initial collision of the seamount, forms an odd-shaped
Wedge immediately south of the backstop (i.e. the Cyprus margin).
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Although of proposed northem (i.e. Anatolian) origin, the
Florence Rise shows similarities to Eratosthenes Seamount. It is
a topographically less elevated area with a partly chaotic seismic
pattern, indicating a considerable amount of compressional tectonic
deformation. The southern boundary of the rise is imbricated,
attracting the northernmost sediments of the Herodotus abyssal
plain into this deformation. Although a thrust fault which was
previously interpreted to be the plate boundary may still be active,
our data indicate outward (i.e. southwestward) migration of the
westernmost Cyprean Arc. Both the Messinian evaporites and
low-velocity sediments of unknown age are involved in the thrust
faulting.

In summary, the collision of Eratosthenes Seamount with
Cyprus has caused tectonic uplift of the hanging wall. The ongoing
convergent movement is reflected by thrusting, imbrication, and
outward migration of the frontal thrust. With time, as considerable
amounts of Messinian evaporites from the Herodotus abyssal plain
get involved in this faulting, the incipient collision may lead to
another topographic high, like the Mediterranean Ridge farther to
the west.

INTRODUCTION

The eastern Mediterranean has long been known as an area
where several microplates and crustal fragments are undergoing
subduction between the converging African and Eurasian Plates
(Ryan et al,, 1973). As a result, plate fragments whose crustal
characteristics are poorly understood are separated by numerous
faults and fault systems in the zone of deformation. The major
disruption in this area of the eastern Mediterranean lies between
31° and 32°N (i.e. from the Florence Rise to Egypt). Its eastern
margin is on the western slope of Eratosthenes Seamount (Fig.
11.1). Therefore, the structural features observed on Lines 8, 9, and
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Fig. 11.1. Bathymetric map of the study area including seismic reflection lines 1-10 obtained from Cruise 5 of ‘Strakhov’. Highlighted profiles 8, 9, and 10 (westemn part) are shown in Figs. 11.2-11.4.
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10 have to be seen in the context of the tectonic @mework of t.he
area, namely the zone of deformat?on t?etwc.:en Africa and Eurasia.

At present, the African Plate is migrating nearly orthogonally
northward atarate of 10 mm/yr (McKenzie, 1978; Le Pichon, 1982;
Reilinger et al., 1997). At the line of transition from subduction to
collision, prominent submarine topographic highs occur along the
plate boundary, e.g. the Mediterranean Ridge accretionary complex
or Eratosthenes Seamount.

Near Cyprus, the incipient collision is reflected by two
prominent topographic highs, the Florence Rise west of Cyprus,
and Fratosthenes Seamount south-southwest of Cyprus (Fig. 11.1).
A combined study of the on land geology of Cyprus and the deep
sea drilling results from Eratosthenes Seamount has shown that the
collision of the seamount with Cyprus has led to ~2 km of tectonic
uplift since the early Pliocene (Robertson, 1992; Krasheninnikov
and Hall, 1994; Robertson et al., 1995a). Eratosthenes Seamount
has been thrusting beneath both Cyprus in the north and the
Levantine Basin in the south. The northward thrusting appears to
post-date the Messinian (Robertson et al., 1995b).

The Affican plate is separated from the Arabian plate by the
lefi-lateral Dead Sea transform fault in the east, and undergoes
subduction in the north along a strike-slip fault of variable
geometry, which coincides with the trend of the Cyprean Arc
(Vidal et al., Chapter 10, this volume). The main reason for this
is the sinistral motion due to counter-clockwise rotation of the
Anatolian microplate, which is a part of the Eurasian plate behaving
as a separate unit. The main trends of the structural features of
Eratosthenes Seamount coincide with E-W and SE-NW-trends
in Egypt (i.e. west of 30°E), and the predominant direction in the
Syrian Arc which is ENE-WSW in Northemn Sinai and the Levant
(i.e. east of 30°E). Moreover, the direction of the break between the
Cyprean Arc and the Florence Rise is subparallel to the northem
boundary of Eratosthenes Seamount adjacent to the plate boundary
between Africa and Eurasia (Fig. 11.1). Eratosthenes Seamount
itself is suggested to have rotated counter-clockwise since its time
of detachment (Ben-Avraham et al., 1976).

The nature of the structural lineaments observed across the
Florence Rise, as well as the potpourri of different rocks recovered
from sampling of the seafloor, provide an incomplete and poorly
understood picture of this topographic high (Woodside et al., 1997).
Nevertheless, parts of the Florence Rise and the Anaximander
Mountains can be correlated with outcrops in Turkey to indicate
a northem origin for these features, and translation along a set of
subparallel shear zones trending NNW-SSE (Woodside et al., 1997).
Moreover, northeastward subduction is indicated by earthquake
data (Rotstein and Kafka, 1982; Kempler and Ben-Avraham, 1987)
and crustal shortening along the Florence Rise and Antalya Basin
indicated by observations of folding, thrusting, and NE-tilting (e.g.
Woodside, 1977). South and southeast of Cyprus, strike-slip motion
%llggir)ently predominates in the zone of convergence (Kempler,

This chapter concemns the deep structure of the Florence Rise
anfl E@tosthenes Seamount as observed in extensively reprocessed
seismic data. Types of faulting, structural relationships, and their

consequences for the geometry of the plate boundary between
Africa and Eurasia will be discussed below. Fortunately, the pre-
stack depth migrations allow us to trace and interpret the geometry
of these structures to subbottom depths of ~12 km below sea level.

DATA ACQUISITION AND PROCESSING

The Multi-Channel Seismic (MCS) data presented here were
acquired in 1987 duning Cruise 5 of R/V ‘Akademik Nikolaj
Strakhov’ which investigated the eastern Mediterranean south and
east of Cyprus (Krasheninnikov and Hall, 1994). The western parts
of some ten profiles, i.e. Lines 8-south (8a), 8-north (8b), 9, and 10-
west (10b), crossed Eratosthenes Seamount and the Florence Rise
adjacent to the south-west coast of Cyprus (Fig. 11.1).

Data were collected using a 12-liter airgun and a 48-channel
streamer. The shotpoint spacing was 100 m, the active length of
the hydrophone array was 2350 m, and the recording length was
12 s two-way travel time (TWT). After the initial processing
(see Kogan and Stenin, 1994), which lacked resolution due to
diffractions, multiple reflections, and bubble pulse interference, the
data were carefully reprocessed at the GEOMAR research center
in Kiel, Germany. A detailed description of the treatment of the
seismic data is given by Klaeschen et al., (Chapter 9, this volume).
In summary, ghost and bubble inherited effects, as well as strong
multiple arrivals could be removed so that the overall temporal
resolution has considerably improved. As a consequence, structural
trends in the deep part of the profiles can now be observed down
to subbottom depths of more than 10 km in the pre-stack, depth-
migrated lines (Fig. 11.2A).

ERATOSTHENES SEAMOUNT - A CONTINENTAL
FRAGMENT FROM THE SOUTH

Eratosthenes Seamount is a distinct topographic feature which
rises about 2 km above its surroundings, from a depth of 2700 m on
its southern flank by the Levantine (or Phoenician) abyssal plain to
~750 m at its peak (Fig. 11.2 and Fig. 11.3). Its shape is elliptical
(120 km N-S by 80 km E-W) with its major axis oriented NW-SE. It
has been the subject of numerous marine geological investigations
for a long time span, as outlined in detail by Mart and Robertson
(1998) or Krasheninnikov and Hall (1994, see their bibliography).

Reconstruction of the tectonic history can now be based on the
results of geophysical surveys (Krasheninnikov and Hall, 1994) as
well as dredging and drilling efforts (Limonov et al., 1994; Emeis
et al., 1996; Robertson et al., 1998). These suggest Eratosthenes
Seamount to have been located at the northern slope of the African
margin. The detachment occurred in pre- to syn-Cretaceous time
(Robertson et al., 1995a). Both the southem margin of the Levant
Basin and Eratosthenes Seamount subsided to bathyal depths
during the Late Cretaceous-Early Palacogene (Mart and Robertson,
1998). Evidence for a southern origin is provided by the distinct
differences between the Cretaceous carbonates recovered from
Eratosthenes Seamount (Emeis et al., 1996; Robertson et al., 1998)
and the contemporaneous ophiolitic rocks and deep sea sedimentary
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cover found in the Troodos Massif on the island of Cyprus. On
Eratosthenes Seamount, the presence of shallow water carbonates
of Miocene age beneath deeper-water hemipelagic sediments
of Pliocene-Quaternary age allows us to date the initiation of
subsidence. The vertical tectonics have been complex, as suggested
by the location of sedimentary hiatuses within the succession
recovered from ODP drilling (Flecker et al., 1998).

Eratosthenes Seamount appears to have been thrusted
beneath both Cyprus in the north and the Levant Basin in the
south. Northward thrusting is suggested to post-date the Messinian
(Robertson et al., 1995a). It has been found that the main structural
style of deformation of the crestal area (down to a depth of ~800
m) is normal block faulting (Emeis et al., 1996; Robertson et al.,
1998). This is similar to adjacent features such as the Hecatacus
Rise (Vidal et al., Chapter 10, this volume) or the Anaximander
Mountains farther to the north-west (Woodside et al., 1997). As
interpreted from Formation MicroScanner images in ODP deep
sea Sites 965-967 (Emeis et al., 1996; Robertson et al., 1998), the
orientation of the faults and fractures is highly variable, reflecting
different tectonic influences with time, instead of showing a
consistent trend (Flecker et al., 1998). Both the steep (60° and
steeper) normal faults which separated the different blocks and
the fractures within the deposits of different age have undergone
a complex tectonic history, especially regarding their vertical
component. As can be seen from seismic images (Figs. 11.2 and
11.3) and seafloor mapping (Mascle et al., 1998; Loubrieu et al.,
2001), the main trend of the faulting is E-W. The different units,
however, have fracture and fault orientations varying between NE-
SW and NW-SE for the Eocene, Oligocene, and Cretaceous, and
both N-S and E-W for the Miocene deposits (Flecker et al., 1998).

Seismic profile 8 is oriented NNE-SSW and runs towards
the western margin of Cyprus (Fig. 11.1). The section across
Eratosthenes Seamount (i.e. the southern part of Line 8) reveals
dominant reflectors as deep as 8-9 km, especially in the south
where Eratosthenes Seamount is overthrust by the sediments
of the Levantine Basin. The seamount itself lacks characteristic
features in its deepest part. The shallow sets of reflectors, which are
oriented subparallel to the seafloor, disappear at a depth of about
~5 s TWT (or 5 km depth below the seafloor; Fig. 11.2A). On top
of the seamount, a succession of Pliocene-Quaternary sediments
can be observed. These hemipelagic oozes (Emeis et al.,, 1996;
Robertson et al., 1998) have velocities between 1650 and 2050 m/
s (see Klaeschen et al., Chapter 9, this volume) and locally reach
thicknesses of up to 1 km. Nevertheless, their cover on Eratosthenes
Seamount itself rarely exceeds a couple of hundreds of meters.

Structurally, Eratosthenes Seamount appears to be a homoge-
neous structure with a rough surface, at least at first sight.
However, the seafloor topography is the result of dominantly
meso-scale normal block faulting. One can distinguish between
two characteristic structural patterns that result from this:

i) the horst-and-graben-type separation of small units (ie.
hundreds of meters wide in cross-section, referred to as meso-scale
deformation), and

i) downslope movement of faulted blocks. These apparently

dominate the northern flank of the seamount (Fig. 11.2A).

A fragment which had undergone mass wasting was drilled
during ODP Leg 160 (site 967; Robertson et al., 1995a; 1998).
It could be shown to have been at a shallower water depth in
Miocene-Early Pliocene time. A summary of both the sedimentary
and vertical tectonic history of Eratosthenes Seamount is given in
Robertson et al. (1995a; 1998) and Flecker et al. (1998).

On a macro-scale, two northerly dipping faults dominate
Eratosthenes Seamount, cutting across almost the entire feature (Fig.
11.2A). In addition, the continuation of its northern flank reflects the
active present-day plate boundary. This gently (~15°) northward-
dipping structure underlies the trench sequence in the middle of
Line 8, but can be traced on the northern part of the profile as well
(Fig. 11.2A - noting the 2x vertical exaggeration). The main fault
trace, which crops out on the seafloor at approximately common
mid-point (cmp) 21900 (Fig. 11.2B), shows a minor reverse offset
and is presumed to represent the active frontal thrust at the present
time. This separation may result from the incipient friction due to
the collision, forcing the seamount to break up. This breakup may
cause a set of faults at angles of around 50° (Fig. 11.2A) which may
act as thrust faults in a scenario involving outward migration of the
deformation front/plate boundary (see discussion below).

The western part of the longest seismic profile (Line 10b),
which crosses the majority of the other profiles, trends approximately
SW-NE. It also covers the Eratosthenes area (Fig. 11.1). Along
Line 10b, the northeastern flank of Eratosthenes Seamount can be
traced down to a subbottom depth of about 12 km (~21000-21400
cmp; Figs. 11.3A and 11.3B) undemeath the sediments of the
northernmost Levantine Basin. On its southwestern flank, another
northeastward-dipping fault is observed as well as a backthrust
fault, as indicated by Messinian and Pliocene-Quaternary sediments
having been pushed onto the seamount (Fig. 11.3B). On either
side, the seamount is bounded by a pile of Messinian evaporites
with a velocity of ~4500 m/s. Both the carbonates of Eratosthenes
(Robertson et al., 1995a; 1998) and the evaporites are overlain by
a Pliocene-Quaternary succession several hundreds of meters in
thickness. The velocity of these hemipelagic sediments was found
to be between ~1850 and 2100 mvs. The velocities for the Pliocene-
Quaternary sediments, as well as for the upper part of the carbonate
platform forming Eratosthenes Seamount (see velocity models in
Klaeschen et al., Chapter 9, this volume), are in good agreement
with the measurements on cores and from the downhole ODP
logging (Emeis et al., 1996; Robertson et al., 1998).

The evaporitic body east of the seamount was apparently
deposited in a depression between the eastern flank of Eratosthenes
Seamount and a small zone of deformed sediments which is now
slightly elevated relative to its surrounding (19940-~21600 cmp
in Fig. 11.3A). These sediments have rather low to moderate
velocities, gradually increasing with depth. The deformed state
of the series suggests that a compressional (ie. subducting)
component exists, along with the strike-slip motion inferred from
flower structures seen in the seismic profiles (Fig. 11.3A; Harding,
1985). Only few structures are observed in the uppermost deposits,
simply because the beginning of intense deformation apparently
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predates the Messinian (note that the salt was precipitated on top
of the western flank of this unit, and appears not to have undergone

significant deformation; Fig. .1 1.3B). Also, the base of this unit
cannot be seismically differentiated from the deeper rocks, although
at around 5 km depth, the velocities increase with a lower gradient
(see below). )

Structurally, the western part of Line 10b shows a lot of
similarities with the southern part of Line 8 (Figs. 11.2A and 11.3A).
Parts of the crestal area as well as the entire northeastern flank are
ruptured by block faulting. Also, thrusting of the Levantine Basin
sediments over the base of the seamount flank can be seen both in
the west and south of Eratosthenes. These observations indicate that
only part of the convergent motion between Africa and Eurasia can
be taken up by Eratosthenes. Most likely, the rate of convergence
of the seamount has slowed temporarily since it hit the Cyprus
margin, so that

i) the deformation front started to migrate outward, and

ii) the evaporite-bearing sediments from the Levantine Basin are
thrusted north, presently overriding the base of Eratosthenes’ flanks
(see backthrust in Fig. 11.3B).

The velocity analyses were found to be very consistent in the
perpendicular cross sections of Lines 8 and 10b (Klaeschen et al,,
Chapter 9, this volume). As indicated by wide-angle seismic data
(Makris et al., 1983; Makris and Stobbe, 1984) and magnetic and
gravimetric studies in the area (Woodside, 1977; Makris et al,
1994; Makris and Wang, 1994), elevated velocities underneath the
seamount suggest a change in the physical properties of the rock,
and most likely in its composition. Velocities of around 6 km/s
are consistently found at a subbottom depth of ~5 km beneath the
seamount, an observation which can be explained most easily by
the crustal nature of the material. Although the updoming of high-
velocity rock cannot provide evidence for crust at this shallower
level, it indicates that a sliver of crust may have been detached
along with the carbonate platform which now forms Eratosthenes
Seamount, when it separated from North Africa.

The northern part of Line 8 is oriented NNE-SSW (Fig. 11.1).
It reveals some interesting features about the boundary between the
sediments in the Giermann Trench and the Cyprus margin (Fig.
11.2). The trace of the basal reflector of the succession can be
followed to around 26600 cmp in the north (Fig. 11.2A), which
corresponds to a subbottom depth of ~14 km, before it disappears at
this location (Fig. 11.2A). This presumed fault, which was suggested
to represent the plate boundary (Robertson et al., 1995a), turns out
to be the frontal thrust of a more complex fault system to the north.
If we look at the seafloor topography, it is different as compared to
the southern part. While the southem part is characterized almost
everywhere by either normal block faulting or horst-and-graben-
type structures with normal offsets, the Cyprus margin shows
characteristic features of imbricate thrusting. Alttiough perhaps to
be expected, this has aroused controversy in the past.

One of the main outcomes of the drilling at ODP Site 968 on
tbe Eurasian plate (somewhere around 25000 cmp, if projected to
llpe 8b, Fig. 11.2A) was the dominant extensional regime with so
signs of reverse faulting. This, however, can be shown to be a local

phenomenon, since the seismic data are distinctly overprinted by
shortening and thrusting. Among a variety of moderately to steeply
dipping thrusts within the stack, a prominent thrust crops out on
the sea floor at 35 km or 26240 cmp (Fig. 11.2A and 11.2B) and’
then cuts the strata down to a subbottom depth of at least 8 or 9 km
where it may even originate in a detachment (at ~70 km, 27700
cmp; Fig. 11.2A and 11.2B). ‘

An interpretation of the Cyprus margin deposits as part of a
subduction system is supported by McCallum et al. (1993) who
interpreted seismic profiles of the British Geological Survey and
Shell. Ina study combining marine data with geological observations
on the island of Cyprus, McCallum et al. (1993) suggested that the
age of the undeformed Giermann Trench sediments and the accreted
material north of the trench is pre-Messinian. Nevertheless, their
interpretation of the underlying reflectors being a ‘basement ridge’
contradicts the reprocessed ‘Strakhov’ data. Fig. 11.2A clearly
illustrates that the strong reflector at the base of the trench can be
traced down to a subbottom depth of approximately 6-7 km. This
distinct signal is interpreted to be the top of the down-going slab.

Thrusting due to convergence is also reinforced by the
dominant northward dip, not only of the faults, but also the other
reflectors as well (most likely remnants of sedimentary layering).
Unfortunately, no information is available regarding the rocks
which form the western margin of Cyprus. The reprocessed
‘Strakhov’ data lack evidence as to its nature, mainly as a result of
the loss of resolution due to suppression and removal of multiples
(e.g. the pale area between 25300 and 26400 cmp at ~8 km below
the seafloor in Fig. 11.2A). The basement reflector, if interpreted
correctly, coincides with the frontal thrust and roughly dips beneath
Cyprus at an angle of ~10°, i.e. slightly less steep than the slope of
Eratosthenes (Fig. 11.2). The most intense deformation seems to
occur between the frontal thrust and the second prominent thrust
fault, i.e. within the southernmost 40 km of the northern part of
Line 8, (Fig. 11.2A).

Surprisingly enough, all the stress appears to be taken up by
this area while the under-consolidated trench sediments further
south are undeformed (i.e. those adjacent to the overthrusted slope
of Eratosthenes Seamount; Fig. 11.2A, right end of the profile).
It is therefore suggested that, in this shallower area of the Cyprus
margin (as compared to the more elevated part starting northwards
at 40 km, or 26400 cmp), evaporites may decrease friction along
fault planes. The evaporites, which exhibit ductile behavior under
these circumstances, may have thinned out significantly, and may
not have been resolvable on the seismic images. The presence of
evaporites is supported by the ODP drilling, where a thin layer
of Messinian sediment (less than 20 meters thick), presumably
gypsum, was recognised at Site 968 (Emesis et al., 1996; Robertson
etal, 1998).

The velocity field for the northern part of Line 8 only
distinguishes between the youngest sediments (mainly Pliocene-
Quaternary) and an underlying unknown rock which does not seem
to be too different from the continental fragment of Eratosthenes
Seamount further south. Consequently, the gradient of velocity
increase versus depth, which was used for Lines 8 (southem part
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across Eratosthenes Seamount) and 10b, was applied here, and on
the basis of the velocity analyses carried out by the reprocessing
program (see above), showed satisfactory results. A velocity of
6 ka/s, corresponding to a crustal composition, was reached at a
subbottom depth of about 12 km beneath the Cyprus margin north
of the Giermann Trench (see Klaeschen et al., Chapter 9, this
volume, for the detailed velocity structure).

THE FLORENCE RISE - A CONTINENTAL FRAGMENT
FROM THE NORTH

The Florence Rise must have been a topographic high since
Late Miocene (Messinian) time as the salt bodies on its north,
with thicknesses up to more than 1.5 s TWT, pinch out towards it
(Woodside, 1977, Fig. 8). Evidence for Messinian evaporites also
exists south of the Florence Rise in the Herodotus Basin (see below).
Whether the Florence Rise may be an eastward continuation of the
Mediterranean Ridge (connected via the Strabo Trench system), or
whether it links the nappes and ophiolites of Cyprus in the east with
the Antalyan Nappes of Turkey in the northwest (Biju-Dival et al.,
1974), remains a subject of ongoing debate. However several lines
of evidence propose the latter possibility to be the case. Magnetic
anomalies suggest that the Florence Rise contains ophiolites, which
may be related to the Troodos ophiolites on Cyprus (Woodside,
1977).

Detailed seafloor mapping of the Florence Rise area has been
carried out during the TTR-1 Cruise with the R/V Gelendzhik
(Ivanov et al., 1992; Woodside et al., 1992), and later on during the
Anaxiprobe-95 Cruise with R/V L’ Atalante (Woodside, 1995). In
order to avoid repetition in the discussion below, we will always be
referring to these earlier studies as well as to the bathymetric map
presented in Fig. 11.1.

The southern province of the Anaximander Mountains area
includes Anaximenes and Anaxagoras Seamounts, the northern
slopes of the Mediterranean Ridge, and the Florence Rise. Here, the
bathymetry shows a more or less constant water depth of 2500 m,
with low amplitude relief, and without strong morphological trends
(Woodside, 1995). Anaxagoras Seamount is the southeasternmost;
its slope merges with the Florence Rise. A comparison of the
Florence Rise with its adjacent features shows that it is less elevated
than Eratosthenes Seamount or the Anaximander Mountains.

The Florence Rise was once considered to be an old trench
slope break (Dickinson, 1973), developed during pre-Miocene
time, and now underthrust beneath Cyprus as the leading edge of
the African plate. Its basal structures might have been inherited
from the gravity slides which occurred along the arc during the
Late Cretaceous. Continuing with this hypothesis, its present
topography suggests that its collision with Cyprus must have been
initiated much earlier than that of Eratosthenes Seamount, and that
the Florence Rise must have contributed considerably to the uplift
of the island.

Other theories regarding the nature of the basal rocks of the
rise consider that they are fragments of Africa which collided with
Turkey (Rotstein and Ben-Avraham, 1985), or upthrusted blocks of

seafloor (Woodside, 1977). There is little evidence to support any
of these hypotheses.

The results of the scientific cruises during the early 1990s
provide some evidence that the Anaximander Mountains are
foundered parts of the Southern Turkish microplate (Ivanov et al.,
1992). More recently, dredging of the Anaximander Mountains
recovered a variety of rocks which show remarkable similarities to
material in southern Turkey, and, therefore, support this hypothesis
(Woodside et al., 1997). The fault pattern on the seafloor, as imaged
recently by Mascle et al. (1998), is complex in the Florence Rise
area, with a couple of distinct scarps. Most prominently, a set of
NNE-SSW trending faults traversing the rise seems to be related
to structural lineaments on land in Turkey (Limonov et al., 1994;
Woodside et al., 1997). Several of the sedimentary and tectonic
units in southern Turkey (see Gutnic et al., 1979, for details) have
been shown to extend some distance to the south, beneath the
Mediterranean Sea, probably since prior to Miocene time. Uplift
and block faulting of the units of the Taurus belt may have led to
graben basins and massifs which were then affected by erosion
and/or gravitational tectonics which resulted in the development of
the orogenic system of the Hellenic and Cyprean Arcs (and the area
of the Florence Rise in between).

Perpendicular to the main NNE-SSW structural trends in
southermn Turkey, and their continuations on the Mediterranean
seafloor, the southern trench slope break represents the present-day
plate boundary in the Florence Rise area. A northwestward-dipping
fault, as well as thrusting and imbrication, can be seen on single-
channel seismic lines across the rise (Mascle et al., 1998). The rise
itself does not reveal many structures on its crest, which suggests
that it is comprised of repetitively deformed older rock rather than
younger marine strata. A fault scarp along the southern edge of the
Florence Rise is primarily observed in the western and eastern ends
of the feature. But to the east, it continues as a distinct fault at the
southern edge of the continental slope of Cyprus (which dips 6° to
the south). The eastern branch of this fault may continue in the east
as the Amanos fault on land (i.e. towards the Cyprean Arc). South
of Hecatacus Seamount, a fault scarp is also seen (with normal
faulting on the seamount slope). Its continuation towards Syria
was interpreted by Mulder et al. (1975) to have a predominant
component of underthrusting dipping to the north.

The continuation of the eastern fault scarp from the Hecataeus
Rise towards Syria is observed on the ‘Strakhov’ Cruise 5 seismic
Lines 1-6, but are discussed separately byVidal et al. (Chapter
10, this volume). The variable geometry of the plate boundary is
discussed below in the context of seismicity, sense of movement
within the microplate framework, and previous work.

‘Strakhov’ seismic Line 9 shows the most complex structural
patterns. Trending roughly SW-NE, it crosses the northern Herodotus
abyssal plain, the topographically elevated area of the Florence Rise,
and runs up to the north-westernmost edge of the continental margin
of Cyprus (Fig. 11.1 and Fig. 11.4).

The sediments of the Herodotus Basin can be divided into four
major units. The Pliocene-Quaternary sediments, with velocities
between 1750-2000 m/s, are underlain by a thin succession of
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moderate velocities (see velocity model of Klaeschen et al,
Chapter 9, this volume). These rocks were deposited on an series
of Messinian evaporites up to ~2-km thick. As mentioned briefly
above, at between 4000-6000 cmp this series is interrupted by a
Jow-velocity unit of assumed sedimentary origin. Within the fourth
(deepest) unit, there are no distinct reflectors that can be traced
throughout the profile. Therefore, a gradual increase in velocity with
depth was assumed to represent the physical properties of this rock
unit until either basement (or basement velocities) are reached.

The Pliocene-Quaternary sediment cover varies widely in
thickness, reaching up to 1.5 km in the Herodotus Basin to the
southwest, but less than 200 m on the Florence Rise and near
north-western Cyprus (Fig. 11.4A). Undemneath these deposits,
Messinian evaporites are found in the Herodotus Basin (Fig. 11.4A
and Fig. 11.4B up to 65 km, i.e. ~5600~8350 cmp;) as well as in
the depression between the Florence Rise and the Cyprus margin
(97-122 km, i.e. 3420-~4400 cmp; Fig. 11.4). Velocities of 4500 m/s
(see below) indicate that these sediments are predominantly halite.
In the deepest parts, they are up to 2.5 km thick, but thin towards the
topographic highs.

The northeastern part of the profile does not reveal many
structures underneath the Pliocene-Quaternary  succession
(Fig.8.4A, right end). However, the Florence Rise, appearing as
a smooth topographic feature in the central part of Line 9, has a
complicated internal structure. Its central crestal area is overlain
by a thin sedimentary cover. Undemeath this, the upper 2-km-
thick part of the Florence Rise (Fig. 11.4A and 11.4B) shows low
velocities (~2300—~3300 m/s; see velocity data in Klaeschen et al.,
Chapter 9, this volume). Continuous layering can rarely be observed
in this part of the profile, suggesting that it has undergone a great
deal of deformation. Low velocities may be due to fracturing or
underconsolidation (due to increased quantities of pore water since
the flanks of the rise are capped by Messinian evaporites). Beneath
the low velocity rocks, the majority of the reflectors are seen to
mirror either the seafloor topography, orto dip gently northwards.
By contrast, the Herodotus Basin sediments appear more or less
undeformed and sub-horizontally layered beneath the evaporites
(Fig. 11.4A, left end).

Regarding the velocity field across the Florence Rise, the most
unexpected feature is a series of low-velocity sediments and rocks
forming the minor topographic high southwest of the Rise (Fig.
11.4, ~4000-6000 cmp). Its shape and position indicate that during
the Middle Miocene or earlier, this body must have undergone
vertical uplift. At the end of the Miocene, during desiccation of the
Mediterranean, Messinian evaporites were precipitated on top of its
flanks. Moreover, the contact between this low-velocity unit and its
underlying rock appears to be discontinuous.

Although clearly visible over the Herodotus Basin in the
southern part of Line 9 (Fig. 11.4), the Messinian evaporites pinch
out both towards the low-velocity unit and the Florence Rise. The
most prominent northward dipping fault plane which undercuts the
Florence Rise can be traced to a subbottom depth of 12 km and
deepen The layered succession on the Herodotus abyssal plain,
which is of proposed Cretaceous to Miocene age (Ben-Avraham et

al., 1995), is bounded on the NW by a series of faults which generally
dip northwards (Figs. 11.4A and 11.4B at around 55 km or 6250
cmp and further north of this location). The sediment undemeath
the evaporites is affected by shortening (both folding and faultingy,
while the salt has been faulted and partly dissolved (Figs. 11.4A and -
11.4B, south-west of the rise). In addition, two northward-dipping
reverse faults intersect the rise at its northemn end, reaching the
seafloor at 4440 and 4950 cmp (Figs. 11.4A and 11.4B). These have
been interpreted as the present-day plate boundary (Mascle et al.,
1998), but it can also be argued that the faulting observed further
south (~47 km to the south at 6400 cmp) indicates an outward
migration of the deformation front.

The bathymetry of the area suggests that the location of the plate
boundary is at the base of the southern flank of the Florence Rise,
with the ductile evaporites of the Herodotus Basin overthrusting
the Rise in the process. As is the case for Eratosthenes Seamount,
imbrication is indicated by the dominant trend of the northward-
dipping reflectors within the Rise, but in a less clear manner.

DISCUSSION AND CONCLUSIONS

Regional as well as local evidence (i.e. on the islands of Crete
and Cyprus) suggests that the present day plate boundary existed
in the eastern Mediterranean as early as the Miocene (Dewey
and engor, 1979; Meulenkamp et al., 1994). Despite this, the
distribution of earthquake epicenters provides no direct clues to
the presence or location of the subduction between the plates. The
seismicity is particularly low in the Pliny/Strabo trench system and,
further towards Cyprus, in the Pytheus and Giermann Trenches, but
comparitively high along the Hellenic Arc and East Anatolian fault
zone (Woodside et al., 1997). The seismicity of the region indicates
a broad Benioff zone with northward dip (Rotstein and Kafka,
1982), reaching down to ~100 km. The Florence Rise, as well as
the Anaximander Mountains, lie within and near the southern edge
of this zone. A northward-dipping subduction zone can be observed
on all Cruise 5 ‘Strakhov’-seismic lines shown here, and elsewhere
(Vidal et al., Chapter 10, this volume).

Further east, this fault again steepens in Syria (A. H. F.
Robertson, personal communication, 1998), joining the Dead Sea
fault zone in the process. Evidence from seismic activity and the
geometry of the plate boundary suggests that for the Florence Rise/
Eratosthenes Seamount area, the kinematics along the fault are
normal with only a minor strike-slip component. After a subtle jump
towards the south, considerable lateral movement occurs along
the almost vertical fault at the southemn boundary of the Hecataeus
Rise (see Fig. 11.1). After having acquired a shallower dip again
in the north-easternmost Levantine Basin, the fault develops into
a nearly vertical transform fault on land. Some uncertainty exists
regarding the location of the plate boundary near the Florence Rise,
especially as imbricate stacking and southward migration of the
frontal thrust can be inferred from the seismic data. The Florence
Rise appears to be mechanically blocked by Herodotus abyssal
plain sediments between the island of Cyprus and the downgoing
plate. As a consequence, both faulting and folding can be observed
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on its southem margin, and compression of the sediment fill to the
northeast (Fig. 11.4).

Further to the east, an even earlier stage of collision can be
seen as the topographically high Eratosthenes Seamount halted after
hitting Cyprus. This is illustrated by the virtually undeformed trench
sediments north of it, which may have been shiclded by a deeper
root of the seamount already being stuck. It this were the case, it
would also explain the following:

i) the incipient breakup of the feature, as indicated by the deeply
penetrating, northward dipping crestal faults (Fig. 11.2), and

ii) the overthrusted Levantine/Herodotus Basin sediments at its
western and southern flanks (Figs. 11.2 and 11.4).

However, the breakup and normal block faulting at the
seamount crest may also be explained by a flexure of the downgoing
plate, causing extension at its very top. If this tendency of southward
migration of the frontal thrust is assumed to continue for some time,
the consequence may be a geological scenario with the Cyprean Arc
and the Hellenic Arc coalescing. The process of imbrication may be
triggered as soon as evaporitic deposits from the Herodotus Basin
became involved.

Regarding the deeper structure of these new profiles, it is
apparent that undemneath Eratosthenes Seamount, as inferred from
seismic reflectors and the velocity field, there is material with
velocities of ~6km/s. These findings are in agreement with the
results from seismic refraction studies carried out earlier (Makris
et al., 1983, their Figs. 10-12; Makris and Wang, 1994). It cannot
yet be determined from our data if this material is a consequence
of updoming (being the result of a discontinuity further below), or
a mantle sliver which was detached when the northward drift of the
seamount began. Moreover, it remains unclear which type of crust
underlies Eratosthenes Seamount.

For the Levantine Basin, oceanic-type crust of ~16 km thickness
is inferred from geophysical data, while further to the north, about 35
km of crustal thickness exist beneath the island of Cyprus (Makris
and Stobbe, 1984). A transition within the crustal structure was
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Photos of seismic equipment aboard the R/V Strakhov — Cruise 11, October-November 1990.

Left: View of the starboard quarter of the NES Academik Nikolaj Strakhov, with the marine seismic hydrophone cable winch beneath the greenish corrugated cover. This is the
hydrophone used with a standard airgun for MCS (Multichannel Seismic) work.

Right: The large volume airgun being lowered for seismic shooting to OBSs of the Institut fiir Geophysik (Hamburg) in the area of the Strakhov Fracture Zone in the Equatorial mid-
Atlantic. Photos taken by J. K. Hall during Leg 2 of Cruise 11 of the Strakhov - Southhampton, England to Recife, Brazil, October-November 1990.
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Chapter 12

The Deep Structure of Eratosthenes Seamount
Jfrom Seismic Refraction Data

Sergey M. Zverev and Dmitry A. Ilinsky

Institute of Physics of the Earth of the Russian Academy of Sciences, Bolshaya Grusinskaja Str. 10, 123810 Moscow, Russia

*INTRODUCTION

In 1987, 1989 and 1990 the Schmidt Institute of Physics of the
Earth (IPhE) of the Russian Academy of Sciences participated in the
International Tethys Project, a series of large-scale multidisciplinary
geological and geophysical investigations on the island of Cyprus
and in the adjacent areas of the eastern Mediterranean.

An extensive Tethys research program was implemented
during two cruises of the R/V ‘Akademik Nikolaj Strakhov’
(Cruise 5 in 1987 and Cruise 10 in 1989) and one cruise of R/V
¢ Akademik Boris Petrov’ (Cruise 19 in 1989). This program saw
the application of a wide range of scientific methods, and the
combination of land and marine investigations. The broad coverage
of the region by detailed observations provided important new data
with great potential for yielding clues to the geological structure of
the eastern Mediterranean.

The IPhE team, in cooperation with specialists from the
Geological Survey of Cyprus, performed seismic refraction
investigations. The materials obtained consisted of seismic data
recorded along two land-marine profiles across Cyprus, and several
profiles in the adjacent marine areas (Fig. 12.1).

For both onshore and offshore seismic experiments, we used
autonomous seismic analog magnetic recording stations to digitize
the primary records obtained. The IPhE did not possess digital
equipment at that time, so the first digitizing and processing were
performed using the facilities of the Geological Survey of Cyprus
and St. Johns University in Canada. The preliminary stage of
interpretation was completed in 1993. A report for the Geological
Survey of Cyprus was submitted (Deep seismic sounding...,
1993), and a brief summary of the results was published (Zverev
etal, 1993).

In 1996, D. A. llinsky designed a hardware-software
combination for the digitizing, processing and interpretation of
seismic refraction data (Deep Seismic Sounding - DSS) utilizing the
vast experience which the IPhE had accumulated during its many
years of DSS studies. We used digitized records for the optimum
rec‘{@ition of seismic waves from various parts of the deep
sections, taking into account the complex and non-homogeneous
nature of real geological sections. Our major objective was to obtain
the most realistic geological model of a seismic section possible. It
Was necessary to find those waves with close affinity to the deep
boundaries and to trace them along the profile, while analyzing
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variations in their kinematic and dynamic parameters. We avoided
extending these waves through those segments in which they were
not present.

Using this approach, we chose the data set collected along
the profile crossing Eratosthenes Seamount for our first attempt
at analyzing wave fields using digitized records. The seamount is
located south of Cyprus (Fig. 12.1). It is separated from the island
by a depression with slightly deformed relief on the seafloor. This
seamount has attracted the attention of scientists for a long time.

WEe tested various approaches to the digital analysis of seismic
data collected in the area of Eratosthenes Seamount, e.g. the
best method of presenting record sections, usage of reverse and
overlapping observations, and studying the peculiarities of time
and amplitude. These methods were employed in the preparation of
a starting model which more closely described the real geological
structure, and which was then used later for the 2-D mathematical
modeling corrections.

Our choice proved to be successful. The seismic wave field
and crustal structure along the profile were highly variable. Seismic
refraction data gave us reliable information on the layer velocity
parameters in the sections, showing low velocity in some layers,
marking the locations of fault zones, and describing the behavior
of the strata. Such characteristics, together with other information,
offer considerable scope for furthering our knowledge of the
geological nature of Eratosthenes Seamount.

In this chapter we describe the seismic equipment and details
of the experiment, as well as the interpretation of the seismic
wave field. We also discuss our results in light of other data. Some
aspects of the interpretation have already been published (Zverev
and Ilinsky, 1998, 2000).

DESCRIPTION OF THE EXPERIMENT

Seafloor Topography of Eratosthenes Seamount

In addition to the general bathymetric maps of the eastern
Mediterranean, we used the detailed bathymetric maps prepared
by Hall (1980, 1981, 1994). New bathymetric measurements were
made along profiles with a Hollming multibeam echosounder
during Cruises S and 10 of the R/V ‘Akademik Nikolaj Strakhov’,
and the results published in a book on these cruises edited by
Krasheninnikov and Hall (1994). A comprehensive analysis of the
topography was given by Hall et al. (1994). Another multibeam
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survey, the French PRISMED?2 expedition cam‘t?d out in 19?8,
mapped the entire area with similar but much higher reso!unon
coverage (Loubrieu, Satra and Cagna, 2001). Below we discuss
the bathymetric data as it relates to the geophysical results.

Eratosthenes Seamount has an oval outline with a diameter
at its base of about 70 km. It has a flat top, with steep slopes on its
upper part and more gentle slopes on the lower part (F 1g 12.1). Tl?e
depths above the flat top range from 800 to 1100 m, with 1500 m in
the southwest, about 2000 min the east and northeast, and more than
2000 m in the north and northwest The deepest sector is associated
with a depression and zone of slightly deformed seafloor, which
separates the Cyprean Arc from Eratosthenes Seamount itself. A
distinctive feature is a local depression around the seamount with
depths greater than the depth of the adjacent areas. This depression
looks like a near rectangular trough bounding the seamount. The
repeated deepening of this depression suggests a continuation of
the subsidence. The oval shape of the seamount originates from
extensive linear and curvilinear topographic features indicating
faults. They are demonstrated most clearly on the westem, northem
and southeastern slopes of the seamount. The flat top is intersected
by a rough ENE-WSW fault with a pronounced topographic
expression. Many indications of faulting on the flat top of the
seamount were described by Krasheninnikov et al. (1994). It is
important to note that the topography of the northem part of the
seamount differs substantially from that of its southern part (Fig.
12.1). The slopes of the southern part are more even, while those
of the northem part are highly dissected and deformed. The base
of the seamount is 1000 m deeper on the north than on the south.
This suggests that the northern part of the seamount continues to
subside significantly.

Profile Locations

In the text below the IPhE profiles are generally numbered by
PR and a number. In referring to the results obtained from a given
Ocean Bottom Seismograph or OBS on that profile, the profile
number precedes the OBS number (i.e. OBS 606 for instrument
6 on Profile 6).

The seismic refraction profile crossing Eratosthenes Seamount
is oriented SW-NE. It starts on the plain, passes along the westemn
border of the South Levantine Basin, and crosses the southern
slope, the flat top and the northern slope of Eratosthenes Seamount.
From there it continues across the front of the Cyprus Basin, passes
a complicated zone of structures near the right-angled intersection
of the Hecataeous submerged ridge and the Cyprean depression,
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and then runs along the western side of the North Levantine Basin
(Fig. 12.1 and Fig. 13.1). The DSS on Profile 9 consisted of three
independent arrays of Ocean Bottom Seismograph (OBS) stations,
overlapping by 40 km, and using airgun sound sources on every
segment of the profile. The southern array of Profile 9 (PR 9-3)
covers Eratosthenes Seamount.

The seismic refraction profile begins in the area to the
southwest of Eratosthenes Seamount, where the depths range
between 1550 and 1600 m, and the complex pattern of depth
contours suggests structural inhomogeneities. OBSs 915, 914, and
913 were located there (Fig. 12.1). Further on, the profile continues
across the foredeep, the southern slope of the seamount and comes
to the southern edge of the flat-topped seamount. OBS 912 was
located on the slope, and OBS 911 on the top. Before coming
up to the northern edge of the flat top, the profile runs above the
northeastern slope of the seamount (OBS 910) and further on to its
foot (OBS 909). Then the profile crosses the depression and runs
across the front of Cyprean Arc.

Equipment and OBS Observation Techniques

For the DSS measurements we used autonomous bottom
seismic stations (OBS) designed at the IPhE in the 1970s (Zverev
et al., 1978). The problems inherent in OBS construction and their
application to DSS work have been discussed in a number of papers
(e.g. Zverev, 1988).

Analog data were collected by direct magnetic recording at
a low magnetic tape speed (0.5 mmys). Two levels of recording
provide a.dynamic range up to 70 dB. They allow undistorted
recording of the weak deep seismic refraction waves and regional
background noise, as well as strong refiections from sediments and
water waves. The OBS tape recorder runs continuously for up to 14
days, and provides recording of all events in the frequency range of
3-25 Hz. This gives enough time to arrange the deployment of the
many OBS units, and perform the complicated seismic refraction
experiments, recording the seismic pulses from either explosive or
airgun sources along a line up to several hundreds of kilometers in
length. A quartz clock in the OBS maintains exact timing with an
instrumental error of not more than 0.03-0.05 s for all the recorded
events.

Each OBS was equipped with either a one-component 4 Hz or
a three-component 5 Hz seismometer. In order to fix the position
of the OBS we used a special recording channel for measuring the
water wave arrivals. This channel records the envelope of high
frequency components of the arriving waves (more than 20 Hz).

Fig. 12.1. Schematic map of Eratosthenes Seamount. The scamount topography is given after Hall (1980, 1981, 1994). The hatched area on the southeastern side of the
Seamount defines the high-velocity layer on the seamount. The map also shows the locations of seismic profiles, DSDP holes, and dredging sites (Zverev and Ilinsky,
2000). Legend: (1-2) refraction profiles surveyed by the Institute of Physics of the Earth in 1987-1990 and locations of the OBSs: (1) Profile 9-3, 1990; (2) Profile I-2,
1987 .(Zve'rev etal,, 1993); (3) line of CDP profile shot from R/V ‘Akademik Nikolaj Strakhov’ in 1987 (Kogan, and Stenin, 1994); (4) refraction profile surveyed by J.
Makris etal. in 1978 (Makris et al., 1983): OBS locations are shown by squares, seismic shots by circles with numbers; (5) refraction profile shot by Z. Ben-Avraham and
O_ﬂlers in 1989, and the location of OBS sites (Ben-Avraham et al., 2002); (6) limits of a high-velocity layer at the top of the crust (on profiles 1, 2, 4, and 5); (7) dredging
Sttes (Mouraviev et al., 1994); (8) crustal fault separating the southem and northem parts of Eratosthenes Seamount; (9) sites of DSDP holes (Emeis et al., 1995); (10)

high-velocity region. The inset map shows the map location.
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Seismic waves are not registered on this channel due to their lower
natural frequency, but the water wave arrivals are clearly seen.

The instrument suite, including seismometers, electronics,
a clock and batteries, is mounted in a cylindrical housing which
can withstand pressure depths of more than 6 km. The whole
OBS consists of a floating buoy, a nylon rope, the OBS package
in its housing, and a bottom anchor. The OBS package sinks into
the soft bottom sediments, and thus flow noises do not affect the
data. A special length of buoyant rope insulates the housing from
movements of the anchor.

The level of recorded background noise is often close to that
of the regional noise level. A special study showed that the minimal
background noise on the ocean floor in the 3-25 Hz frequency range
is about 40-60 nanometers per second. Its value is independent of
sea depth, bottom sediment type, and the region of experiments.
In the region of our study, the Mediterranean bottom background
noise is often comparable to the noise measured in the abyssal
basins of the South Atlantic Ocean (Zverev, 1996). We observed
some increase in noise during storms, or from passing ships.
Bottom currents generate the most significant component of OBS
noise, especially in places with coarse bottom relief. In general,
noise levels depend on the local environment of the sea bottom at
the OBS location. Depressions and troughs provide usually better
conditions. The worst places are on the tops of hills and on steep
slopes, i.e. in areas with bottom currents.

The above characteristics apply to all OBSs, regardless of
design, including the buoy-equipped OBS. For these types of
OBS, the attached buoy allows more accurate OBS positioning
and a better signal-to-noise ratio. However, a disadvantage of using
such a buoy is the difficulty in deploying more than 10 such OBS
systems from one small ship.

The simple and reliabie IPhE OBS equipment and deployment
techniques were previously used for a series of DSS experiments at
different scales, ranging from lithospheric study with big explosions
over long distance profiles along the Angola-Brazil geotraverse
(Zverev et al., 1996) to the detailed upper crust investigations
described here for the eastern Mediterranean. Losses or damage
to instruments rarely occurred. During the Angola transect only 5
OBSs were lost from the 104 that were used. In the Mediterranean
we lost only one out of the 50 OBSs that were deployed.

Six OBS were deployed on the 140 km long PR 9-3 profile
in the Eratosthenes region, separated by distances of 17 to 35 km.
OBS 910 had to be sited on the steep slope near the top of the
seamount, and its records were more affected by bottom noise than
the other OBSs.

The total experimental time accuracy can be estimated from
the time discrepancies on the reverse time-distance curves, and it
did not exceed 0.05 seconds.

Seismic Shooting

We used a powerful pneumatic airgun with single chamber
volumes of either 120 or 240 liters. At a tow depth of 42 meters
and with an air pressure of 150 megapascals, the frequency of the
maximum energy for the 120 liter chamber was 8.5 Hz, and 7.5

Hz for 240 liters. The spectral energy level for the bigger chamber
was 36% higher then that for the smaller one. The time intervals
between shots depended on the capacity of the air compressor and
was about 4 min for the 120 liter source and 8 min for the 240 liter
source. The ship’s speed during the airgun shooting was 3 knots,
and thus the distance interval between shots was approximately
400 m and 800 m respectively.

PROCESSING OF SEISMIC DATA

a) Digitizing of analog data and preparation of record sections

Thessignals from the seismographs were continuously recorded
during the experiment on an analog magnetic tape recorder in the
OBS unit. Time code signals were recorded from a stabilized
quartz clock of IPhE design. A special hardware-software system
was developed for inputting the analog seismic information into
the computer. We recorded the times of shots and assembled record
sections of common receiving points for every OBS.

The hardware includes an analog play-back magnetic tape
recorder device for transferring information from the tape into the
computer. Its reading speed is 100 times greater than the original
recording speed of the OBS. This decreases the effect of electronic
noise through the increase in the amplitude of the signal brought
about by the increase in speed.

The analog play-back signals come to the input port of a
multichannel analog-digital converter printed circuit card (designed
by L-CARD, Moscow). It can be installed into the early IBM PC
models with Intel 80386 or higher processor. All the data processing
programs were written at IPhE in TURBO PASCAL.

In order to start the data processing, the operator must first
input the schedule of airgun shooting times and then switch the
tape recorder to play-back mode. The program analyzes the time
codes and writes the appropriate segments of the records to its hard
disk. Then it transforms the record sections to common recording
points in SEG-Y format, and appends a header containing all the
information about the experiment for every trace. Any tape speed
deviations from the recording and play-back procedures will have
been corrected, and the sampling intervals of the seismic channels
have been reduced to 10 milliseconds, with 40 seconds of readings
from the instant of the shot on each channel. Data input is fully
automatic. It takes little time and requires minimal effort. For
example, input of data from one OBS with 600 airgun shots and 4
min between shots requires only 24 min.

b) Determination of distances between OBS and airgun shots
For the experiments in 1989-90 our ships were equipped with
the AN/SRN-9 TRANSIT Doppler satellite navigation system. At
that time the more modern Global Positioning System (GPS) was
not installed. The interval between TRANSIT satellite fixes was
about one hour. The accuracy of the satellite fixes was not less than
500 m. The ship’s track between satellite fixes was estimated by
using the ship’s speed and direction. The ‘real’ ship’s track was
interpolated between fixes assuming a constant current set and
drift. The tracks with fixed shot positions are shown in Fig. 12.1.
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The determination of true position for the OBSs was more difficult.
The OBS package was lowered to the sea floor with a nylon rope.
This operation takes some time (about 40 min. to a depth of 2 km),
and the ship can drift away from the initial point by up to 1-2 km.

In order to minimize the movements of the anchor holding the
buoy, the length of the rope to the OBS was usually 100 m more
than the water depth. Therefore the buoy could be displaced from
the real OBS position by up to 0.64 km in water 2 km deep. For
the precise OBS location to be determined we used the water wave
arrivals.

A special channel was designed to study these water wave
arrivals. It records the envelope of high frequency components
(more than 40 Hz) of the arriving signals (Zverev, 1988). Seismic
waves are not recorded on this channel, and separate arrivals of
direct and multiple water waves can be clearly seen. The computer
program using the data on this channel for OBS-shot distance
corrections was prepared at [PhE by D. A. Ilinsky. Fig, 12.2 gives
an example in which the theoretical ray-tracing curves of the time
arrivals (below) are superimposed on the experimental record
(above).

c) Search for parameters for the best tracing of seismic waves

A special interactive program was developed for analyzing the
seismic data using a PC with Microsoft Windows 3x or Windows
95 operating system. The program is designed for processing the
DSS refraction wave section results. All the record sections for
DSS PR 9-3 are presented in Fig, 12.3a, b, and c.

The seismic signals were filtered by a band-pass filter with
optimal bandpass of 4-12 Hz. Seismic data can be represented
in terms of an absolute amplitude scale (on limited segments
of a profile), or on a relative amplitude scale normalized to the
maximum amplitude on each separate trace. High amplitude waves
(direct or reflected) can be extracted by normalization. Automatic
gain control can be used with a variable time window (from 300
to 1000 ms), but this would not improve the wave tracing for large
distances (>60 km). In some cases a compromise can be found
if the trace normalization is made in two windows: before and
after arrival of the direct and multiple water waves. The boundary
between the two windows is determined as the parabolic function
d=(2- i*¥*)°*, where d is distance, t is arrival time, h is the depth,
and v is the sound velocity in the water (Fig. 12.3, OBSs 910, 913,
and 915). The OBS 911 records show a combined section with
a big airgun source (volume 240 liters, shot spacing 800 m) for
distances from -90 to -32 km, and a small airgun source (120 liters,
shot spacing 400 m) for distances from -32 to 52 km. The big airgun
shots allow an increase in the reception range of the first waves up
to 90 km for this OBS, while the small airgun gives only 40 km.
The big airgun was used for OBSs 915-912 only at relatively small
distances, and the data do not show an advantage over that of the

small airgun.

SEISMIC WAVE FIELD AND SEISMIC CROSS
SECTIONS

General Remarks

Asseries of reversed and overlapping time-distance curves were
derived from the seismic refraction investigation on Eratosthenes
Seamount by means of the many OBSs deployed, powerful airgun
shots, and the high accuracy of determining positions, depths, and
times. High quality data were collected and the OBS records were
digitized. We then chose the best techniques for presentation and
analysis of the data obtained in order to investigate the nature of the
seismic waves within the framework of the classical DSS refraction
methods using digital records.

The following approaches were used for the analysis and
interpretation of the wave field.

a) We primarily used real observed wave arrivals, thoroughly
confirmed by the mutual reverse points. Priorities were given to
those waves with amplitudes exceeding the background wave noise.
We did not use time-distance curves prolonged by a combination
of overlapping branches, or stretched through the segments where
these waves were not observed.

b) Overlapping systems present valuable information for the
decoding of the seismic wave field. Parallel time-distance curves
correspond to the same boundary. Time and amplitude variations
related to the same portions of a profile indicate horizontal
inhomogeneity of the section. Such features help us to understand
the wave field in complex zones and to define inversion methods
for preparing the sections.

c) The equality of times for mutual reverse points does not prove
the existence of a common seismic boundary between these points.
It shows only that the waves pass through in the same manner,
while the media in that section could be rather complicated either
by horizontal inhomogeneity, or by vertical layering.

d) Breaks and delays in the time-distance curves were studied
with particular care in order to search for low velocity zones. In
such cases, layer velocities were not taken as being equal to those
at the boundary.

¢) Independent information about possible regional structure
was taken into consideration during the seismic interpretation
and preparation of the sections. We have focused our attention on
those portions of the profiles where the seismic wave field shows
considerable variation.

The analysis and interpretation of the seismic wave field was
carried out using large scale record sections, far greater than those
shown in the examples of Fig. 12.3. A unified scale was used for
all sets of data. A reduction velocity of 7 km/s was chosen with a
horizontal scale of 1 cm=2 km and a vertical scale of 1 cm=0.5 s.
A correction for the water layer was applied. All possible pairs of
reverse records were used for calculating 7 and V, by means of the
‘differences of time-distance curves (¢)’ method and plotting of
the boundaries (Gamburtsev et al., 1952; Gurvitch, 1960; Seismic
Prospecting..., 1966; Sheriff and Geldart, 1987). An analysis of
overlapping records allows plotting of time curves for complicated
portions of the profile. All the operations mentioned above were
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Fig. 12.5. Systems for OBS 915, 914 and 913 illustrating the behavior of the seismic field at the plain to southwest of Eratosthenes Seamount.

performed graphically. Primary waves were identified for all data
sequences. Average velocities were estimated at the intersection
points of the time curve branches.

In the discussion below a number of conventions are used
Wwhich require explanation. Characteristic waves from specific
boundaries are given name indices such as P o and P_,, which
are related to sedimentary waves with appropriate velocities. An
apparent velocity is indicated by V*. The left or right (SW or NE)

branches of the time curves of an OBS are indicated by suffixes | or
r, so for instance OBS 9141 and OBS 914r denote respectively the
left or right branches of the time curves for the OBS 914 records.
The term PK denotes the ‘picket’ or trace of a profile at a given
distance, hence PK 45 is at a distance of 45 km from the beginning
of the observation line taken at the OBS position.

The good quality data collected shows large variations in the
seismic wave field along the profile. We will discuss separately
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several segments of this profile. 1550 to 1600 m, but the complexity of the depth contours in the
map in Fig. 12.1 suggests a complex deep structure.

Fig. 12.4 shows the plot of 7 and the starting model of the deep
section which was then prepared for the data from OBS 915. The

V* for P_,, waves is essentially variable along the profile. These

The Plain Southwest of Eratosthenes Seamount
OBSs 915,914 and 913 (Fig. 12.1) were deployed on the plain
southwest of Eratosthenes Seamount. Water depths varied from
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variations are repeated on overlapping curves and confirmed on
reversed sections, i.e. they are related to variations in the boundary
velocity. Overlapping curves are parallel to within +0.02-0.03 s.
This justifies referring these waves to the same boundary. We
chose those pairs of reverse branches, confirmed in mutual points,
and calculated V, and 2.V, variations were assessed to be in the
range of 3.8 to 4.5 kn/s with a median value 0f 4.3 km/s. The £ -line
shows an increase of £, from 1.0 s below OBS 915 and 0.5 s below
OBS 913, i.e. a decrease of the sedimentary layer thickness towards
Eratosthenes Seamount. The average velocity for the uppermost
soft sediments with velocities ranging from 2.02 to 2.80 km/s is
2.5 kns.

A similar wave picture was observed on records from OBSs
915-913 which are shown in Fig. 12.5. Intensive P_,, phases with
an apparent velocity of V* = 2.0-2.5 km/s at distances of 3-5 km
change into weak P_,, phases with V* =4.2-4.5 km/s.

The Southwestern Foot and Slope of Eratosthenes Seamount

A shallow depression is situated at the foot of the slope
bordering the seamount, which separates it from the adjacent
structures. OBS 913 was deployed on the lower slope of the
depression, and OBS 912 on the side slope of the seamount, a third
of the way up to its summit (Fig. 12.1).

We observed a sharp change in seismic wave properties in the
vicinity of OBS 913. The V* of the first waves increases to 5.8-6.2
kmy/s instead of the 4.4-4.5 km/s observed between OBS 915 and
OBS 913 (Fig. 12.5 and Fig. 12.6). The shape of the time-distance
curve is still more complicated. The transformation of first waves
into second waves is observed by delays in the first arrivals.

The series of reversed time-distance curves for OBSs 913 and
912 and overlapping time-distance curves from OBSs 914 and 915
allow an analysis of the wave picture. The reversed records from
OBSs 913r and 9121 are reliably confirmed at their mutual points.
The OBS 9121 curve consists of four branches. Near the OBS, a
P_ ., phase is seen with V* close to 3 km/s. This wave is replaced
at a distance of about 3 km by a Px1 phase with velocity 5.8 km/s.
The latter disappears at a distance of 13 km from the OBS. The
next Px2 phase is traced with a delay of 0.4 s. This wave continues
out to 22 km, where we observe a decrease of V*. Some Px2 phases
can be traced as second arrivals near the OBS out to a distance of
more than 6 km.

OBS 913r recorded a short branch of the wave that can be seen
after the P_,, phase with velocity near 7 kmys, similar to that of the
Px1 branch. Its time-distance curve comes to the branch of the Px2
phase at 13 km after passing through the segment with decreased
velocity. This wave abruptly disappears beyond a mutual point at a
-distance of more than 20 km.

The overlapping curves from OBSs 914r and 915r show (Fig.
12.6) that the P_,, phase pattern becomes more complicated at PK
43 km, where short high velocity branches can be seen parallel to
the Px1 branch on the OBS 913r records. At PK 51 km it merges
with a high velocity branch which parallels the Px2 on the OBS
912 r'ecords. The Px2 phase exists as an oscillation with dominant
amplitude on the OBS 912, 913, 914 and 915 records only over

a short segment of the profile. It is limited at PK 35 in the south-
west where the oscillation disappears on the OBS 914r and 9151
records, and it changes the slope of the curve on OBS 912L. In the
north-east it is limited by PK 59-61 where oscillations on the OBS
913r records disappear. On the OBS 9135r records some oscillation’
can be traced a bit longer, but they are delayed at larger times and
belong to the next phase Px3.

Both branches of OBS 912 were used to prepare the deep
section of the Px1 phase. The OBS 9121 and 913r branches were
prolonged to mutual points (considering overlapping branches).
We limited the wave at PK 42 (from OBS 913-915 data) on the left
and at PK 67 (from the end of the OBS 912r record) on the night.
For the P2 phase a branch of the OBS 913r curve was prolonged to
the left, parallel to branches of OBS 914 (and 915), and its existence
was verified between PK 35 and 63. Fig. 12.4 shows the plots of
t(x) and V, that were calculated. The boundary velocity for the Px1
phase is V, = 5.9 km/s, and 6.0-6.2 km/s for Pxk2.

Examination of various aspects of the Px1 phase behavior shows
that while it decreases quickly on the OBS 9121 record, and it exists
for only a short segment of the profile on the OBS 913r records, on
OBS 912r records its amplitudes become more intensive. We can
assume that on the segment between OBSs 912 and 913 the Pxi
phase is derived from a thin layer, which is inclined towards the
OBS 913 position. Under this assumption we processed the data
for OBSs 915 and 913. The resulting t_and V, values conform to
the data for the OBS 913 and 912 combination, as well as for OBSs
915 and 913. It also makes it possible to depict on the deep section
the interrelation of the seismic boundaries in the transition from the
foot to the slope of Eratosthenes Seamount.

The average velocity data (V) give us the following results.
For the P_,, phase below OBS 9131, V= 2.8 km/s. For the Px2
phase from the OBS 9131, 912r and 9121 branches, V= 2.5-2.8
km/s, and for the first arrivals the value V= 2.5 km/s was taken.
For the Px2 phase on the records of OBS 913r, V= 3.7 km/s; for
OBS 914r, 3.9 km/s; for OBS 915t, 4.4 kin/s. An average value of
P= 3.8 km/s was taken for the first arrivals.

The Top of Eratosthenes Seamount

The steep south-west slope of the seamount comes to a flat
cap with coarse surface relief. The refraction profile crosses the
southern side of the flat cap, comes to the steep eastem slope and
continues on down the northeastern slope (Fig. 12.1). OBS 911
was located on the flat top, OBS 910 on the eastern slope close to
the top, and OBS 909 on the lower part of the northeastern slope
(OBS 909 belongs to the next OBS array PR 9-2).

Certain features characterize the seismic wave field for the
records from OBS 912r, 911, 910, and 9091 (Fig. 12.7). At small
distances from the OBS, the wave velocities are typical of non-
consolidated sediments, i.e. velocities of 2.5-2.8 km/s, and for
OBS 911, 3.5 km/s. As the distances increase, the slopes of the
time-distance curves change and more high velocity waves appear
as first arrivals. These velocities are estimated at approximately 6
km/s for OBS 912r, and 4.6-4.8 km/s for the other OBSs. Such
waves are abruptly attenuated at a distance of about 8-10 km from
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the OBS. High velocity waves remain as first arrivals with delays
0of 0.5-1.0 s, i.e. we observe a break in the time-distance curve. It
indicates a low velocity layer below the boundary and the point
at which the wave ceases to exist. A similar scenario can occur
as a result of horizontal inhomogeneity, or disappearance of the
seismic boundary. An analysis of overlapping and reversed time-
distance curves allows us to differentiate between these two cases.
Disappearance of the boundary should be expressed by the absence
of proper waves starting from certain places along the profile,
regardless of the distance. If a lowering of the velocity with depth
is assumed, then the limit point should be located at a more or less
constant distance from the OBS.

For the OBS 9121 records we can assume that both reasons
affect the right limit of the Px2 phase. Two lines of evidence support
this hypothesis: a limited region of Px2 existence (determined by
the OBS 914-913-912 pairing, see above) and the high velocity
P2 phase that is close to 6 km/s. For OBSs 911 and 910 these
values are 4.6-4.8 km/s, so we can define these as sedimentary
phases P_,.. The time curves for these waves do not reach the
mutual points, and we can approximately estimate V, by V* values
along both directions. Branches are confirmed exactly at the zero
distance (2 ), and for OBSs 911 and 910 V* toward the southwest
(left) are 4.59 and 4.66 km/s, and toward the right are 4.85 and
4.87 km/s. The value of £, under OBS 910 is less than that under
OBS 911, i.e. there is some evidence about the rise of the boundary
toward the north beneath the sea floor. However here the sea floor
is much more steeply inclined to the north, and the dense sediment
boundary essentially dips to the northeast.

The velocity values for consolidated sediments on top of
Eratosthenes Seamount are 4.7 km/s instead of the 4.3 km/s
found beneath the plain to the southwest of the seamount. We can
assume that the origin of the sediments in this place was somewhat
different.

The values of the velocity below the seismic boundary should
be estimated approximately because of the existence of low velocity
zones, and they will be partly corrected by the modeling.

The next phases Pi3 are observed after the break of the time-
distance curves of the first phases. They are found on branches
of OBSs 912r, 9111, 911r, and 9101 (Fig. 12.7). Such waves are
reliably traced by phase correlation over long intervals (sometimes
up to 30 km). They confirm well at mutual points. The V* are close
to 6.5 kmy/s, i.e. less than the reducing velocity. Recording times
(using a reducing velocity of 7.0 km/s) vary from 1.9 to 2.1 s to
the south from OBS 912 position, and around 0.6 s in the vicinity
of OBS 910. P«3 is observed about 0.25-0.30 s later than Px2 in the
region of its reappearance.

The most exciting tracing of the Px3 phase using phase
correlation is found between PK 44 and PK 108. The clearest
picture is observed on the OBS 911 records from the big airgun
source. The southemn limit of this wave can be estimated from the
OBS 912-913 pairing (Fig. 12.6). The wave is observed in late
arrivals on the OBS 912r branch, and it merges with P_,, phase ata
point located to the south of the OBS 913 position in the fault zone
on PK 35. A rise of the boundary is indicated by values of V* on

the left and right branches of the OBS 912 records. The value at the
left (south) is less than that at the right, i.e. the boundary inclines
toward the south. The northern limit of the Px3 phase can be noted
at PK 108, where it finishes on the OBS 911r records at a distance
of 18 km from the OBS and arises on the opposite (left) branch of
OBS 9101 at a distance of 8 km.

The ¢ and V, curves were calculated with confidence for the
pairs of time-distance curves by an interpolation of the branches
to zero distances. The maximum ¢, (near 2.0 s) was found on the
southem side (in the fault zone at PK 35). Then ¢ drops to 1.4
s beneath OBS 912 and varies between 1.4 and 1.6 s toward the
north. The boundary velocity is V, = 6.5 km/s in the southem
part, 6.2 km/s between OBSs 912 and 911, and 6.8 km/s between
OBSs 911 and 910. Average velocities were only approximately
estimated at 4.0 km/s. Deviations from this value by £ 0.2 km/s
give depth variations of + 8%.

The next phase Pxd replaces P«3 after it vanishes at PK108 km.

Its time curve is shifted later by 0.5 s, and the (reduced) arrival
times vary from 2.0 to 2.8 s in the segment between OBSs 912 and
910. The time curves are almost parallel to the distance axes, i.e V,
is close to 7.0 kmv/s. (Fig. 12.7).
The Px4 phase can be traced southward from OBS 911 to the
location of OBS 912 by phase correlation and there are high
amplitudes at the mutual points for the OBS pairs 912r and 9111.
Some indications can be traced further south, but we consider that
the beginning of this wave can only be reliably taken near OBS
912 at PK 58 km. Northward from OBS 911 the Px4 phase is
easily traced and conforms at mutual points to the OBS 910 data.
Farther to the north, the tracing becomes difficult, and the shape
of the time-distance curve varies. Time control at mutual points is
possible, but it requires a prolongation of the OBS 910r branch due
to the cessation of shooting 5 km before the position of OBS 909.
We observed the disappearance of the wave phases and a sharp
increase in the times of first arrivals on the OBS 9091 branch 5 km
before the location of OBS 910 (PK 116-120 km). Other specific
features of the wave field disturbances can also be observed at this
place. The P4 phase (that replaces the P_,, phase on the OBS 9091
branch of first arrivals) is traced well at times of 2.2-2.4 s up to
PK 117, but then its amplitude decreases below the background
noise level, and low velocity phases appear. Here we also observe
variations in the Px6 phase behavior (the Px6 phase with velocity
near 7 km/s belongs to a deeper boundary) on the records of OBS
915 (at a distance of 107 km), OBS 914 (at 96 km), and OBS 913
(at 75 km). This allows us to presume that a deep fault exists near
PK 117, which crosses all the seismic boundaries. The bathymetric
map shows such a fault bordering the flat cap of Eratosthenes
Seamount on the north and crossing the whole structure of the
seamount.

The North-Eastern Slope and Foot of the Seamount

The fault going across the top of the seamount traverses this
segment. It marks the transition zone from Eratosthenes Seamount
to the folded structure of the Cyprean Arc. The sea floor deformation
zone (the Giermann Fault) is situated here. OBSs 909, 908 and 907
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cover this segment called Profile PR 9-2, comprising the second
OBS array of the three.

The Px4 phase, as was mentioned above, can be traced for
OBSs 910r and 9091 via a fault according to the formal parameters
of wave phase correlation and mutual point time control. However
the boundary velocity V, is essentially decreased in comparison to
the adjacent seamount cap. The thickness of sediments changes too.
A break in the time-distance curves (which was seen clearly on the
OBS 910r records), disappears on the OBS 909 and 908 records,
ie. a low velocity layer disappears below the upper boundary of
the dense sediments. Below OBS 909 a thin sedimentary layer with
velocity 3.1-3.6 km/s comes into view (the P_,, phase), blanketed
by a thickness of unconsolidated (Recent?) sediments (the P_,,
phase, 2.5 km/s). The velocity at the base of this layer decreases
toward the north from OBS 909 (up to 4.0 km/s instead of 4.8 km/
s southward from OBS 909). The thickness of Recent subbottom
sediments decreases, and below OBS 909 a boundary with velocity
greater than 3.5 km/s (P, phase) reaches the seafloor. For the OBS
909t and 909! pairing to was calculated as 0.3-0.7 s, and V, = 4.0
km/s. A careful analysis shows the complexity of the wave pattern
and a gradual transition from the P_, phase to the Psed4 phase; the
to value increases from 1.1 to 1.3 s, toward the north for the Px4
phase, and V, = 6.1 km/s.

Large disturbances of the wave field are observed between
OBSs 908 and 907 at PK 182 km. Data from OBS 908 show that
the waves are similar on both the northern and southern branches
at small distances from the OBS (from the uppermost parts of the
section) up to PK 182 (12 km to the north of OBS 908). Farther
to the north a difference arises, and on the right branch wave
amplitudes decrease, and arrival times increase, i.e. V* changes.
The overlapping branch of OBS 909r shows strong amplitude
attenuation for the Px4 phase just beyond OBS 908. Reversed OBS
9071 records show a quite different picture. The most intensive first
phase has V* = 1.7 km/s. Weak waves of decreasing amplitude
with velocity 4.0 km/s spread outward from the strong first wave.
Its time at the position of OBS 908 is 2.3 s, and the time at the
mutual point of the OBS 9071 branch can be found by extrapolation
of the Psed4 phase after its attenuation. A reversed section was used
for calculation of ¢, (which varies from 0.3 to 0.6 s) and V, = 4.5
knv/s (Fig. 12.4).

The time-distance curves for the OBS 9081 and OBS 909r
pairing was used to study the Pxd phase. Its ¢, value varies from 2.1
t02.5,and V, = 6.1 ks, with an average velocity of 3.7 kmy/s. The
boundary dips to the north and disappears at PK 183 km, where a
big fault borders the Cyprean Arc.

Phases from Deep Boundaries

The previous paragraphs discussed seismic waves which
propagate through and thus help clarify the structure of the upper
10-12 km of the earth’s crust. The high intensity of such waves and
the complete coverage with reverse and overlapping observations
provide detailed and reliable data on the section, which shows
1ts complicated horizontally inhomogeneous structureThe waves
from deeper boundaries provide less reliable information about the

deep structure. There are two reasons for this:

1) The first is that deep waves appear at large distances from
the source (many tens of km) and require a long array in order to
be studied. In our experiment the shooting line was 63 km with‘a_
big airgun, and 145 km with a small airgun, and this determined-
a maximum length of the time-distance curves. All profiles were
covered by three separate arrays of OBSs (9-3, 9-2 and 9-1), with
9-3 and 9-2 arrays overlapping by 50 km. Eratosthenes Seamount
was covered by array 9-3. OBSs 909, 908 and 907 were deployed
on the adjacent 9-2 array. Its data helped us to understand the
wave picture for the upper part of the section, but it did not contain
information about the deep waves.

2) The second reason is that waves from deep boundaries were
found as weak oscillations due to the properties of the deep section
in the region. On seismograms obtained with the small airgun, the
deep waves can be picked out as synphase arrivals with amplitudes
not exceeding the background noise level. Multiple arrivals of deep
waves sometimes help to control the wave pattern. When we used
the big airgun (records OBS 911 and OBS 912; Fig. 12.3), we could
see that the amplitudes of the deep waves sometimes exceeded the
noise level, but in this case the length of the shooting line was only
about 60 km, and the interval over which the deep waves could be
traced did not exceed 30 km.

The most extended branch of the time-distance curve for the
P«s phase was recorded by OBS 915 (Fig. 12.3a). The wave begins
at a distance of 44-47 km and is observed a little later than the Px2
phase. Then the wave is traced only as short pieces of synphase
arrivals. But at distances of more then 60 km it can be better seen,
through the presence of attendant intensive multiple waves. The
multiple arrivals are delayed by 2 seconds, and this corresponds
to double arrival times in the water layer near the location of OBS
915. This wave is observed up to distances of 110-112 km (a little
beyond the location of OBS 910) and cannot be picked out further
on. Its V, is close to 7 km/s; the arrival times are almost constant
and are about 5.0-5.2 s (reduced). However the wave pattern is
complex, the synphase axes are short, and the amplitudes vary. All
these features indicate a complexity of the boundary. We observe
some weak waves with a low V* and linear shape on the time
curves coming out of the Pxs phase at PK 80-85 and 105-110.

We did not find regular arrivals of Pxs phases on reversed
records of OBS 9111 with small airgun impulses. Intense waves
can be seen at big airgun shots, starting at 65 km distance with
times 4.8-5.0 s. These waves are confirmed at mutual points of the
OBS 915 data. On the OBS 9121 branch the waves can be seen
with times of 5.0-5.1 s, starting from 4345 km and moving up to
the end of the shooting line (at 59 km). The waves are confirmed
at mutual points of the OBS 915 data. Records of OBS 914r are
similar to those of OBS 915r, but they are less informative. The
Pxs phase on OBS 914r can be found initially with the arrival of
multiples at distances of 55-60 km (PK 75-80 km) and at times of
4.7-4.8 s. Then it can barely be traced up to the location of OBS
910 (PK 110 km). We observe some branching off, likewise on
OBS 915r. The Pks phase is linked to the OBS 9111 data. On the
OBS 913r records the Px5 phase is traced over distances of 60-75
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Fig. 12.7. OBS 912 to OBS 909 system illustrating the behavior of the seismic field at the top and on the northeastem slope of the seamount.

km at times 5.1-5.3 s, but do not extend to mutual points.

Hence the Pxs phase with velocity 7.0 km/s is traced from
the beginning of the profile to PK 110 km. Beyond this range
we do not see the wave on any OBS records up to the end of the
shooting line (at PK 140 km). The Px5 phase is also not observed
on PK 30-45 km, i.e. the location of this wave on the OBS records
is somehow related to the position of the faults, previously and
reliably marked on the upper parts of the section. The time-distance
curves for the P«s phase do not form a real system of long reversed
and overlapping curves. But its branches are concordant at mutual
points, and are recorded inside a narrow time interval from 4.8 to
5.2 s. These time deviations are dependant on the properties of each
OBS. For example, all times of OBS 914 are 0.3 s less than for
OBS 915. In preparing the section for the starting model we can
neglect variations in time and velocity and take time to be equal to
5 sand V,=7.0 km/s. For this approximation the depth variations in

the section can be determined by average velocity values.

Available data for average velocity V estimations are rare.
We have a crossing point of the P_, and Px4 phases for OBS 915.
It gives V= 4.3 km/s for the region of the plain to the south of
Eratosthenes Seamount. There are no crossing points within the
limits of the seamount, but the Px5 phase emerges on the records of
OBSs 912r, 9111 and 913r. We assumed that this is an initial point
of a refracted (head) wave and found 7= 5.3 km/s (from OBS 9121)
and V= 5.6 km/s (from OBSs 9111 and 913r). These values are
attributed to the section below the body of the seamount.

The boundary where the P«xs phase begins extends from the
south end of the profile up to the fault at PK 116, and is interrupted
by another fault at PK 30-35. Waves pass across these fault zones,
but do not exit to the surface. This can be explained by high
absorption of the energy of the seismic waves due to distortions in
the rocks within the boundaries of the fault zone.
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The depths of this boundary can be approximately estimated
as 14 km below the plain at the south of the profile, and 20 km
under Eratosthenes Seamount.

We carefully searched for waves reflected from the Moho
boundary. For a continental crust some 3040 km thick such waves
appear in second arrivals as strong amplitude waves at distances
of more than 60 km and at times of 6-7 s. On our records here
we can sometimes observe groups of synphase oscillations, but
they are only traced briefly and cannot be considered as typical of
continental crust.

Deep Section for a Starting Model

Using the common approaches to interpretation we prepared
a deep section as a starting model. The data of reversed profiles
were used as a base. The values of 7 and V, were obtained
graphically by means of the ‘Differences of time-distance curves
()’ method (Seismic prospecting..., 1966). Breaks and delays
in the time-distance curves implied the presence of low velocity
layers; therefore we used average velocities. We prepared the cross
sections by considering all variations of velocities related to the
segments of the profile. Fig. 12.4 demonstrates £ lines, V, and V
values and the section for the starting model.

The peculiarities and reliability of the positioning of a
boundary depend upon experimental conditions and they are not
identical for different parts of the section. Within depths ranging
from 2 to 15 km the waves are linked according to systems and are
observed clearly against the background noise. For the upper 1-2
km our data are quite schematic due to the large OBS spacing. For
depths between 15 and 20 km the data are less reliable due to the
small amplitude of the waves being comparable with that of the
background noise and insufficient for tracing of deep waves along
large portions of the profile.

Velocity Model Resulting from the Modeling

We prepared a starting model in order to solve the direct 2-D
problem for the seismic section by means of the classical refraction
method. It was an informal but important part of the interpretation
process that significantly influenced our final results. Under those
conditions when the wave field is complicated and the crust (‘cpepa’
or ‘media’ in Russian, implying some sort of a volume, with all
of its particularities) is also complicated with inhomogeneous
layering, the known part of the section that was covered by seismic
rays from reversed profiles only occupies a small portion of the
whole plane of the sections.

We had to make extra assumptions to convert the wave
information into a section if it was not adequately covered by the
time-distance curves. In order to fill the gaps in the plane of the
section with values for the velocity function, we have to advance
arguments which are not formally supported by the real wave
field properties. This is why the starting model, and the model as
corrected by fitting to a certain crustal type, cannot be considered as
the final and irrevocable version of the crustal structure. Schematic
and rough models are simpler to apply, but much information about
the characteristics of the crust which are important for geological

interpretation can be lost. There are several possible model versions
that more or less reflect the properties of the seismic wave field.

The initial sections for a crust were discussed above, and they
were prepared by means of the ‘Differences of time-distance curves
(¢ ) method. These sections were applied to the starting models and
checked by the SEIS-83 program which is designed to calculate
the wave field by ray approximation (Cerveny and Psencik, 1983).
Calculated times of wave arrivals were applied to the observed
records and were accompanied by ray diagrams (Figs. 12.8-9.12).

The SEIS-83 program was designed to interactively model
the media for DSS refraction data. This allowed one to quickly
and effectively choose the 2-D velocity section for a crust which
fits the observed data. The first steps in the calculation show a
significant disagreement of the starting model with the observed
data. The velocity section was prepared as a result of a lengthy
fitting procedure (Figs. 12.13 and 12.14).

The first sediment layer below the sea floor has a velocity of
1.8-2.0 km/s in the southern Levantine Basin on the southwestern
part of the profile at a depth of 1.5 km, and a velocity of 3.0 km/s
on the top of Eratosthenes Seamount at a depth of 800 m, where its
thickness is 1 km. The parameters for this layer were determined
separately for every OBS unit (multiple systems of OBSs are
absent), under the assumption that there is a continuous lateral
variation in velocity between the OBSs. Multiple waves in this
layer are clearly seen on records as strong second arrivals which
parallel the first arrivals. The time delay is 1 s for OBSs 915, 914,
and 913 (Fig. 12.15).

The second sediment layer, with velocities of 3.5-4.2 km/s, is
about 1 km thick in the southemn part of the Levantine Basin. Then
it disappears near the foot of the seamount, is nonexistent below
the top of the seamount, and is seen again on its northeastem slope.
Multiple waves in this layer are delayed by 0.5 s relative to the first
waves, and they are visible on the OBS 9141 branch.

The third layer has a complex structure. It is very thick in the
southern portion of the profile (up to 14 km). The velocities vary
from4.4t05.1 km/s, which gives some indication of its composition.
The velocity rises abruptly up to 5.7 km/s near the southwestern
foot of Eratosthenes Seamount, which shows a transition in the
layer toward crystalline rocks. Such rocks are observed below the
entire slope over a length of 30 km. The velocity drops to 4.7 km/s
near the top of the seamount (again indicating sediments). Some
gaps in the wave tracing and time delays are interpreted as low
velocity layers. The value of the velocity in the low velocity layer
and its thickness are controlled by the position of the initial point of
arrival of the wave from the bedded layer (Fig. 12.16).

The thicknesses of the high velocity interlayers below the
seamount were calculated using two types of waves: refracted
waves, passing along the upper part of the layer, and reflected
waves, from the bottom of the interlayer. The limited observation
range of the refracted waves and the small vertical velocity gradient
(almost straight reversed and overlapping time-distance curves)
indicate a small thickness for the high velocity (5.5 km/s) interlayer
at a depth of 6 km below the seamount crest (according to data for
the pairings of OBSs 912-911 and OBSs 910-911). In addition, the
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reflections from the bottom of the interlayer arrive simultaneously
with refracted waves from its topside. This also confirms the small
thickness of the interlayers. The only exception is a deep-seated
high velocity interlayer with velocity 6.6 km/s observed at PK 57
to PK 88 km. The thickness of this interlayer is up to 3 km. A good
reflection from its base is seen on the OBS 911 records.

A crystalline basement surface (velocity 6.9-7.1 km/s) occurs
deep in the Southern Levantine Basin (19 km). It rises quickly near
the southwestern foot of Eratosthenes Seamount and then is buried
almost horizontally at the depth of 15 km. The velocity values and
the behavior of the boundaries are well controlled by the data of
OBSs 915,913 and 911.

The depth of the Moho M surface was taken as 27.5 km from
the published section of Makris et al. (1983) on the Israel-Cyprus
refraction profile. The modeling shows that the M position does not
contradict our data. This fact explains why we do not see M phases
at distances of up to 110-120 km. Only two events can be identified
with M phases. They might be 4 s arrivals on the OBS 9111 records
at distances of 80-90 km, and very weak 2.8-3.0 s arrivals on OBS
915 at distances of 107-117 km.

DISCUSSION OF THE RESULTS

The eastern Mediterranean is a complex assemblage of
geologic structures concentrated in the area of contact between the
African and the Eurasian plates. The Phoenician and Levantine
Basins of the Mediterranean Sea are filled with a very thick 10-12
km pile of sediments (Malovitsky, Emelyanov et al., 1975; Ben-
Avraham et al,, 1976; Lort, 1977; Woodside, 1977; Malovitsky,
1978; Makris and Stobbe, 1984; Tanner and Williams, 1984; Sage
and Letouzey, 1990; Krasheninnikov et al., 1994 and others). They
resemble the basins of the landlocked Black and Caspian seas.
The southern part of the Levantine Sea is a continuation of the
African platform. To the south and west of Cyprus the Cyprean Arc
represents the convergence front between the African and Eurasian
plates. Eratosthenes Seamount stands near the outer edge of the
Cyprean Arc. The seamount is surrounded by foredeeps and differs
in morphology from the adjacent area of the Phoenician Sea and
from the other seamounts and islands.

Most aspects of the nature of the earth’s crust under, and the
relationships between the large morphostructures of the eastern
Mediterranean Sea are still a matter of heated debate among
geologists (i.e. continental or oceanic crust?) (Malovitsky et al.,
1982; Makris et al., 1983; Hirsch et al., 1995). This can largely
be attributed to the fact that the eastern part of the Mediterranean
Sea was studied by geophysical methods at a later time than many
other regions, and that there is insufficient factual data.

The results of investigations carried out 5-15 years ago
have only recently begun to be published (Emeis, Robertson
and Richter, 1995; Hall, Udintsev. and Odinokov, 1994; and this
volume). Hopefully, our knowledge of the tectonics of the eastern
Mediterranean will be improved significantly in the near future,
closing the gap between the data of the well known surrounding
lands and the poorly known seas. Some results have already been

published (Ben-Avraham et al., 1998; Hall, Aksu and Calon, 1998;
Kopf et al., 1998).

Eratosthenes Seamount is among the key structures of
the region. It has long attracted the attention of geologists and
geophysicists. There is a fairly extensive literature which represents
individual efforts at collecting and generalizing the various
experimental data (Ben-Avraham, Shoham and Ginzburg, 1976;
Ben-Avraham et al., 1998; Tanner and Williams, 1984; Woodside,
1977). Following publication of the paper by Makris et al. (1983),
the popular view was that Eratosthenes Seamount had a continental
crust.

Russian geoscientists have made a considerable contribution
to the study of the Mediterranean Sea. The papers and books
published by Ya. P. Malovitsky and his coauthors (Malovitsky,
1978; Malovitsky et al., 1982; Moskalenko, 1974) described their
investigations in the 1960s and 1970s. Some years ago a new
tectonic map of the Mediterranean was published (Bogdanov et
al., 1994), which is reproduced in the accompanying plates. In
1987-1991 various geological and geophysical investigations were
performed in Cyprus and in the adjacent seas in the framework
of the Tethys Project (Zverev et al., 1993; Krasheninnikov and
Hall, 1994). Although the seismic interpretation process has taken
a very long time, it is at long last bearing fruits (e.g. Zverev and
Ilinsky, 1998, 2000; this chapter).

Deep Geologic Section from Seismic Refraction Data

The deep structure of Eratosthenes Seamount is markedly
different from the structure of the adjacent areas. The OBS 915,
914, 913, and 912 records, shown in Fig. 12.3 and Fig. 12.5,
illustrate a change in the structure at the transition from the
relatively level seafloor to the southwestern slope of the seamount.
In the OBS 915-913 segment, the rock sequence is characterized
by a gradual increase in velocity with depth, the upper 10 kin of
rocks having velocities lower than 4.6 km/s. Refracted waves
with higher velocities (6.0 and later 6.5 and 7.0 km/s) arrive at
this transition to the seamount (OBS 912). Breaks and delays in
the travel time curves appear, indicating the alternation of layers
with higher and lower velocities. The change in the section type is
fairly abrupt and is confined to the axis of the piedmont depression,
where a deep crustal fault seems to be located. The fact that layers
of higher velocity were restricted to certain segments of the profile
gives evidence as to the lateral variation of the rocks.

Thedepth section was plotted using the conventional method of
refraction travel time curves and refined further using mathematical
modeling. The seismic section in the form of a velocity distribution
with depth is presented in Fig. 12.13, and in a schematic form,
along with other data, in Fig. 12.17 and Fig. 12.18.

The experimental conditions (the relative distances between
the OBS locations and the shot points, the total lengths of the
OBS arrays and shooting lines, and the characteristics of the
wave field) required a different level of accuracy for plotting the
various parts of the section. The best studied depth interval was
from 2 tol5 km. The sediments at depths less than 2 km were
incompletely studied, mainly around the OBS sites. The waves
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Theoretical and observed travel time curves
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refracted from deep interfaces turned out to be sufficiently weak
so that the sections plotted for depths greater than 15 km were less
reliable. In the intervals of altemating layers with higher and lower
velocities, the velocity at and the depth to the top of the higher
velocity layer were the more reliable. These parameters were only
approximately determined in those rock sequences with relatively
lower velocities.

In terms of the upper crustal structure the profile can be
subdivided into three segments. The southwestern segment,
adjoining the southern Levantine Basin, is characterized by the
presence of a layer of unconsolidated sediments, labeled S2, with a
thickness of 1.0-1.5 kmand a velocity of ~2.0 km/s. This is underlain
by a 1-km thick layer of Messinian evaporates, labeled S3, with a
velocity of ~3.5 km/s. Below follows a thick (~10 km) sequence
of rocks apparently of sedimentary origin, with a velocity of ~4.5
km/s (layer S4). The underlying boundary is nearly horizontal, and
lies at depths of 17-18 km with a velocity of ~7 km/s.

The next, and middle segment of the profile, covers the
southwest slope and top of Eratosthenes Seamount. The seismic
section changes considerably starting from the nearly rectangular
seafloor depression at the base of the seamount. The upper
boundaries of the high velocity layers, equal to those of the
basement (5.8 to 6.6 and 7.0 km/s), appear under a thin layer of
unconsolidated sediments. The layers below this boundary rise
toward the top of the seamount. The upper two layers, K1 and
K2, pinch out within the slope and are overlain by a flat layer
of sediments with velocities of 4.5-4.8 km/s. The lower layers,
K3 and K4, grow flatter and are almost parallel to the seamount
topography. This structure, close to being horizontally layered, was
recorded over a length of almost 40 km.

The wedging out of the high-velocity layers is accompanied
by changes in the seafloor topography, which can be seen in the
bathymetric map and in the echo-sounding profile (Figs. 12.1 and
12.17). The disappearance of the K1 and K2 layers is accompanied
by slope scarps, and the wedging out of layer K3 takes place on the
northern cliff of the summit of the seamount. These topographic
features have intricate outlines in plan and their trends are usually
directed at oblique angles to the seismic profile (Fig. 12.1). K5,
the lower boundary in the crust, rises toward the seamount base
to depths of less than 15 km and plunges gently, after some
undulations, northward to depths of 16-17 km.

An important feature of the seismic section in this segment
is the occurrence of low-velocity layers under the seismic

&

boundaries. This affects all of the mapped boundaries which have
the velocities of sedimentary and crystalline rocks. The occurrence
of low-velocity layers in the seismic section of the seamount might
have been caused by various factors. As far as the sedimentary.
sandy-clayey or carbonate rocks are concemned, this might have
been associated with differences in the degree of rock compaction,
changes in the facies composition, the occurrence of individual
layers in the sequence, or with some other factors. Low-velocity
layers were reported (Finetti and Morelli, 1973; Montadert,
Letouzey and Mauffret, 1978) from the Messinian Formation of
the Mediterranean Sea.

As regards the crystalline rocks with seismic velocities
characteristic of the basement, relative velocity decreases can be
attributed to serpentinization, as well as to crumpling, crushing,
and other processes of dynamic metamorphism. Another group
of factors might be the effects of contact metamorphism, i.e. by
the heating and transformation of rocks during the emplacement
of intrusive bodies. It cannot be ruled out that decreases in
velocity might have been caused by various processes associated
with weathering, Velocity variations in the volcanic rocks can be
explained by differences in their facies, varying from dense basalts
to loose tuffs. Eventually, the presence of low-velocity layers is
indicative of some peculiar events during the geologic history of
the southwestern slope and top of the seamount, which are different
from the conditions prevailing in the adjacent areas.

The third, seismically different segment of the profile, was
located on the northern slope and base of the seamount and on
their continuations toward the Cyprean Arc. Here the sedimentary
sequence includes layers inclined away from the seamount top,
where folds were recorded. There is no low-velocity layer at the
base of the sedimentary sequence. The K3 basement layer wedges
out, and the boundary velocities in the underlying K4 layer are
found to be much lowered (7.0 to 6.6 and even down to 6.1 km/s).
Changes in the velocity structure were found to be especially great
toward the zone of folded deformations at the front of the Cyprean
Arc, located beyond the discussed segment of the seismic line.

The zones marked by changes in the seismic section types, as
considered above, occupy short lengths (a few kilometers) of the
profile. They are accompanied by linear elements in the seafloor
topography, and by changes in the velocity structure which extend
to great depth. For these reasons they can be interpreted as deep
faults. We located three major fault zones: at the southwestern
base of the seamount, at the northemn edge of its flat top, and in

Fig. 12.17. Possible geological cross-section across Eratosthenes Seamount with magnetic, gravity and sea bottom curves along this line. Legend to geological section: (1)
Water (V o~ 1.5 km/s); (2) Upper unconsolidated marine sediments (Vp=1.9-2.0 kin/s); (3) evaporite sediments (Vp=3.3 km/s); (4) consolidated sediments (Vp=4.4-5.1
km/s); (4a) the same with thin low velocity layers; (5) volcanic sediment layers (Vp = 5.3-5.6 ki/s); (5a) the same with thin low velocity layers; (6) lava layers (Vp =
5.8-6.7 kms); (6a) the same with thin low velocity layers; (7) magmatic basic rocks (Vp=7.0-7.1 km/s); (7a)- the same with thin low velocity layers; )8) lower crust
(Vp =7.2-7.7 kns); (9) faults around Eratosthenes Seamount; (10) faults inside the Eratosthenes block; (11) northeastern boundary of reliable seismic reconstruction of
the velocity model, Key: (1) (a) echosounder curve; (2) depth, km; (3) (b) magnetic intensity corrected for the pole; (4) magnetic intensity, nT; (5) (c) Bouguer gravity
anomaly; (6) Bouguer anomaly, mgal; (7) (d) geological section; (8) distance, km; (9) depth, km.
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the area of folded deformations. Each of these zones has its own
characteristic features.

In the first zone, restricted to the seafloor depression at the
base of the seamount, a 5-8 km segment of the profile is marked
by a change from a low-velocity sedimentary sequence, more
than 10 km thick, to the high-velocity layers of crystalline rock,
rising toward the top and overlain unconformably by sedimentary
layers.

¢ The second zone on the northern edge of the top of the seamount
is marked by notable displacements in the seafloor topography and
in the offsets of the seismic boundaries. These displacements are
accompanied by: the wedging out of the K4 layer, the gradual
disappearance of the low-velocity zones under the sedimentary
and crystalline rocks, the beginning of a decrease in the boundary
velocity, inclination of the boundary away from the top, and by the
inability to trace a deep boundary with a velocity of 7 km/s.

The third fault zone, at the front of the Cyprean Arc, is marked
by a drastic change in the properties of the sequence to a depth
of at least 10 km, and by the replacement of the rocks by loose
sediments with low velocities.

Structure of Sediments and Basement from Reflection Data

The Mediterranean Sea has been covered by a fairly dense
network of seismic reflection profiles. The eastern Mediterranean
Sea south and east of Cyprus was surveyed by reflection shooting
later than the western and central parts of the sea. Apart from
investigations by research institutions and universities, much
seismic reflection work was done by oil companies which
sometimes allowed the results to be used for scientific purposes
(Finetti and Morelli, 1973; Hall, Aksu and Calon, 1998; Kopfet al.,
1998; Montadert, Letouzey and Mauffret, 1978).

Here we will briefly review the available evidence for the
sediments in the Eratosthenes area. High-resolution reflection work
by continuous seismic profiling (CSP) showed (Krasheninnikov et
al,, 1994; Udintsev et al., 1994) that the typical reflections from
the Late Miocene evaporites, observed almost everywhere around
this seamount, were not recorded on its slopes or top. The cover
of young loose sediments is thin on the steep upper slopes (a few
dozens of meters) and is as thick as 50-70 m on the more gentle
lower slopes. The thickness of loose sediments is also small on the
top. Here, they cover the eroded surface of the acoustic basement.
Both the basement and the sediments are cut by normal faults.
The loose sediments are as thick as 100-150 m in the depression
surrounding the base of Eratosthenes Seamount. They are thicker
(200 m) in the Levantine Basin and attain a thickness of 300 m and
more in the depressions west and north of Eratosthenes Seamount.

The deeper part of the section was studied using multichannel
common depth point (CDP) methods. The seamount was intersected
by two CDP profiles during Cruise 5 of the R/V ‘Akademik
Nikolaj Strakhov’ (Kogan and Stenin, 1994). Profile 10b crossed
the seamount along a line close to our refraction profile, and
Profile 8a was shot along a roughly N-S line across the top of the
Scamount. Preliminary time sections were studied by Kogan and
Stenin (1994), and the first results of the digital processing of these

data, obtained by D. Klaeschen and 1. Belykh at GEOMAR, were
reported in a ‘Note added in proof” and reproduced (op. cit., p. 112,
and Plate 4). Both profiles revealed a similar geological structure.
The nearly rectangular seafloor depression separates quite different
areas and is complicated by a complex (fault?) zone. The southern
slope of the seamount has bedding parallel to the slope (PR 10c)
or slightly steeper. Bedding is less distinct under the flat top than
on the slopes, the boundaries being almost horizontal. Beginning
from the northern edge of the flat top the bedding is more distinct,
the boundaries are inclined away from the top (northward) and dip
steeper than the slope of the seamount. Differences in the structure
along the SW and SSE directions on the southemn slope of the
seamount are expressed in the 0.3-0.5 s differences in the arrival
times of stable reflections (from the basement?). Accordingly, the
thickness of the sediments was found to be 30% smaller on the
southem slope than on the southwestern.

The results of the CDP profiling are suitable for comparison
with the refraction data because the DSS refraction and CDP profile
lines are nearly coincident (Fig. 12.1). A comparison was done
and discussed in the paper of Zverev and Ilinsky (1998). The final
refraction section, derived afier 2-D modeling (Fig. 12.13), was
transformed into times of vertical reflections and superimposed
on the CDP section (Fig. 12.19). The modeling of the refraction
section was done for the entire sequence of the section, including
the water layer. Some discrepancy in the seafloor topography in the
left-hand part of the section was caused by the non-coincidence of
the profiles lines there.

The refraction and CDP data showed a good correlation for the
upper part of the section. Below, under the top of the seamount, the
CDP data did not show distinct boundaries, whereas the refraction
data revealed an obvious layering. Good refractors were recorded
at times of 4-5 s and 7-8 s, where the CDP data were unreliable.
The CDP section often showed many details which were smoothed
on the refraction section. Naturally, the data on refractor and layer
velocities plotted on the refraction section were not expressed on the
CDP section. The refraction records and section showed a change
in the sequence at the southern foot of the seamount. The site of
this change was located via the refraction data to an accuracy of a
few kilometers (Figs. 12.6 and 12.13). The CDP shooting yielded
an obscure, complex (diffraction?) zone more than 10 ki wide on
this segment of the profile.

To sum up, the CDP shooting yielded comprehensive
information only for the upper 2-3 km of the sequence. The
refraction method has a greater depth of investigation compared
with the CDP method, providing data on velocities at the boundaries
and inside the layers, which is important for understanding the
nature of the deep layers, and specifying particular features of the
fault zones.

Comparison of the DSS with the Israel-Cyprus and Israel-
Eratosthenes Profiles and Elements of the Eratosthenes 3-D
Structure

A DSS profile was made along an Israel to Cyprus transect
in 1978 for the purpose of investigating the crustal structure there
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(Makris et al., 1983). Explosive charges of 800 kg were used.
Seismic waves were recorded by land-based systems located at the
ends of the profile and by three OBS units located on the seafloor
in between. The distance between the shots was 10 km, and that
between the OBS units, 100 km. The travel time curves were as
long as 400 km. The layout and procedure of the experiment, as
well as the seismic records and the results of their interpretation,
were described by Makris et al. (1983).

The profile was shot in a NNW direction across Eratosthenes
Seamount. One of the OBS units (D) was located at the base of the
southern slope of the seamount near the nearly rectangular seafloor
depression in an environment similar to that of our OBS 913 (Fig.
12.1). The intersection point with our profile was in the vicinity of
our OBS 911. Seven shots (23-29) were made, spaced 10 km apart,
within the seamount area from its SE to NW base. The record
section showed distinct first arrivals and sometimes subsequent
strong phases (Fig. 12.19¢).

We made an attempt to compare the DSS records with our
records (Fig. 12.19). The OBS D records from shots 23, 24, and
25 showed the first arrivals of phases Px3 and Px4 and yielded an
apparent velocity V* of about 6 km/s similar to the records of our
OBS 913 (Fig. 12.19a). In the case of the next shots, 26 and 27, the
first arrivals were delayed approximately 1 s relative to a straight
line from the model of Makris et al. (1983, Fig. 4). At the same time
it should be noted that the record of our OBS 909 was principally
different from that of OBS D (Fig. 12.19b).

The land-based seismic systems located on Cyprus and in Israel
at distances of 100-160 km and 270-360 km from Eratosthenes
Seamount recorded the first waves from the M discontinuity 1-2
s later for the shots in the seamount area. Larger first-arrival times
were recorded by the seismic systems on Cyprus for shot points SP
25, 24,23, and 21 and for the systems in Israel for SP 27-33 (Figs.
5,6, 10, and 11 in Makris et al., 1983). Taking into account reverse
migration, the profile segment where the first waves were delayed
on arrival at the remote observation sites was located between
SP 25 and SP 27, that is, north of the high-velocity region on our
profile PR 9-3.

This proves that the results of the 1978 DSS experiment agree
with our data. On this basis, we presume that the high-velocity layer
underlying the sediments in the southwestern part of the seamount,
from the base of the slope toward OBS 912 and farther on to OBS
911, continues on to the southeastern slope under OBS D and under
shots 23, 24, and 25. The profile segment with lower velocity for
the waves from deep boundaries is located in the northern half of
Eratosthenes Seamount (Fig. 12.1).

=
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A refraction experiment using OBS units and airguns was
performed in 1989 along a roughly W-E profile from Eratosthenes
to Israel (Ben-Avraham et al., 1996). The authors of this paper
presented the records of three OBS units, two of which wer¢
located in the Eratosthenes area: OBS 12 at the eastern base of
the seamount, and OBS 14 on its top. The location of OBS 12 was
similar to the location of our OBS 913. OBS 14 at the top of the
seamount was located west of the profile PR 9-3 at approximately
equal distances from OBS 911 and OBS 910. The records of OBS
12 and 14 are presented in Figs. 12.19d and 12.19e. Unfortunately,
both of these OBS units were located away from the profile shooting
line: OBS 14 at a great distance (the wave from the basement was
the first to arrive at the smallest distances); OBS 12 was located at
a smaller distance, however the arrival time of the sound wave was
notably greater than the time of reflection from the bottom. For this
reason we cannot compare the arrival times of the waves, and will
thus restrict ourselves to the qualitative comparison of the records.

The first wave that arrived at OBS 14 (Fig. 12.19¢) was a
wave with V* of ~6 km/s (in a westward direction) and with a
slightly lower velocity (in an eastward direction). This wave was
recorded only at distances of £10 km from the point of projection
of OBS 14 onto the shooting line. In the west, this wave ceased to
be recorded approximately in the middle of the seamount top, and
was not recorded further on. In the eastward direction from OBS
14 (toward the slope and basin) the waves were observed with
time intervals of 0.5 s and 1 s. In the case of OBS 12 an obvious
asymmetry was observed. The travel time curve was continuous,
and the V* values were significantly lower than 6 km/s eastward
toward the basin. Westward, the V* values were close to 6 kn/s in
a segment coinciding with the lower part of the seamount’s slope.
The next wave arrived 0.3 s later and had a V* value greater than 6
km/s. It started to attenuate where the slope changed to the flat top.
The next wave was shifted in time by 0.2-0.3 s and disappeared
without reaching the middle of the flat top. No distinct arrivals were
observed farther westward (Fig. 12.19d). This pattern was similar
in many respects to that observed for OBS 913 and OBS 912.

The Eratosthenes slope and top were crossed by the southern
end of Profile 1 surveyed by the Schmidt Institute of Physics of the
Earth in 1987 by refraction using an OBS unit (108) and a small
(15-liter) airgun. The OBS unit was located in the northern part
of the seamount’s flat top (Fig. 12.1) and yielded an asymmetric
wave pattern with high velocities (7.2 km/s) southward and low
velocities (<5 km/s) northward. The arrival times for the southern
branch coincided exactly with those recorded by our OBS 913 in
the northeast E direction.

Fig. 12.19.Comparison of seismic records obtained during different refraction experiments in the Eratosthenes area (Fig. 12.1). (A, B) Comparison of arrival times from
explosions to OBS-D (circles on the records and SP numbers 23-26 above them); (C) OBS-D record (Makis et. al., 1983); (D, E) OBS 12 and OBS 14 records on the
profile shot in 1989 (Ben-Avraham et al., 1996). Arrows in the C, D, and E records indicate regions with no records or changes of waves with breaks in travel time curves
Plotted on lines 1,4, 5 in Fig. 12.1. Key: (1) SW; (2) OBS 913; (3) Distance from OBS, km; (4) NE; (5). T , = T-X/7.0-H water/1.56, s; (6). OBS 909; (7) Israel-Cyprus
profile, OBS-D; (8) Shot numbers; (9) NW (10) W; (11) Isracl-Eratosthenes profile, OBS 12; (12) E; (13). T, = T-X/6.0, 5; (14) Distance, km; (15) Isracl-Eratosthenes

profile, OBS 14; ABCDE.
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The Deep Structure of Eratosthenes Seamount from Seismic Refraction Data

All the data available were sufficient to visualize the
qualitative 3-D structure of the seamount. For this purpose we used
the available bathymetric maps to plot the sites where the high-
velocity layer had been located under the sediments, the points of
sudden changes in the travel time curves, the no-record sites, and
the low-velocity regions recorded by remote seismic systems (Fig.
12.1). A high-velocity layer was recorded under the southeastern
and southern slopes of the seamount. It begins in the vicinity of
the nearly rectangular piedmont seafloor depression and rises
toward the seamount’s top. In the middle of the slope this layer
is occasionally interrupted by interlayers of lower velocity and
then again replaced by another high-velocity layer. The underlying
sequence is also characterized by the interbedding of low- and
high-velocity interlayers. All data points that occur in the region
with high-velocity layers were mapped south of the line separating
the seamount into two parts. This line coincides with a roughly
E-W fault that intersects the flat top and is well expressed in the
seafloor topography. The low-velocity region was mapped under
that part of the flat top north of the fault. No experimental seismic
data are available for the wester sector of the seamount.

Of interest in this respect is the character of the seafloor
topography on the seamount’s slopes south and north of the fault.
The bathymetric map and a 3-D model for the seafloor topography
(Krasheninnikov and Hall, 1994) show that the southemn part of
the seamount has an even seafloor relief for the slope, whereas the
northern part has a rough, folded topography. This suggests that:

1) the existence of a high-velocity (high-density?) layer under
the sediments has favored the preservation of an even seafloor
topography;

2) the northern and western limits of the high-velocity layer
follow the E-W fault on the top of the seamount and the landward
slope of the piedmont seafloor depression, respectively. In this case
the region of high-velocity layers under the sediments must be
elongated in a NE direction and have a narrower northem end, its
southern end being broader (Fig. 12.1).

Although this reconstruction of the 3-D structure of the
seamount was based on a set of reliable experimental data, its
representation in Fig. 12.1 is merely qualitative and approximate.
More exact conclusions can be derived on the basis of other
observations that were made, but which have not yet been
adequately reported in the literature

&
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Comparison of Refraction Data with Magnetic and Gravity
Maps

It has long been known that Eratosthenes Seamount is marked
by a significant positive magnetic anomaly. In terms of its size and
magnitude, this is the most prominent feature in the magnetic field
of the eastern Mediterranean. This peculiarity attracted the attention
of investigators from various countries. Different assumptions were
proposed as to the possible sources of this anomaly (Ben-Avraham,
Shoham and Ginzburg, 1976; Tanner and Williams, 1984; Ben-
Avraham et al., 2002).

The map of magnetic anomalies published by Makris et al.
(1994) shows that the anomaly is elongated in a NE-SW direction,
and that it has a flat top and variously dipping steep slopes. The
anomaly is not restricted to the top of the seamount but marks its
southeastern slope. For our comparison we used the topographic,
magnetic, and gravity maps made at the same scale (Makris et
al., 1994; Makris and Wang, 1994) (Fig. 12.20). Apart from the
seismic profiles discussed in these papers, Fig. 12.20 shows the
position of our profile, and also the zone of high-velocity layers
under the sediments. One can see that the contours of the high-
velocity zone and of the significant positive magnetic anomalies
almost coincide.

Our attempt to correlate the refraction section with the
magnetic anomaly was based on the high seismic velocities (as
high as 7 km/s) in the basement which were found to be compara-
tively shallow in the southem part of the seamount. It follows from
the map of magnetic anomalies reduced to the pole (Makris et
al., 1994) that the positive anomaly in the south of the seamount
has an intensity of >400 nT. The anomaly is almost isometric in
map view and is surrounded by regions of low magnetic values.
Our calculations showed that this anomaly could be explained by
the assumption that the seismic layers with velocities ~7 km/s,
lying in the depth interval of 7-10 km (K4 in Fig. 12.17d), have a
magnetization of 5 A/m. A magnetization of this order is known for
oceanic basalt samples raised from deep-sea drilling holes, and also
follows from modeling results (Gorodnitsky, 1993, 1995, 1996).
The high-velocity layers observed above (under the sediments) do
not possess high magnetization. Therefore the high-velocity layers
lying under the seamount at depths below 7 km are likely to be
basic igneous rocks.

It is worth mentioning that the pattern of the magnetic anomaly
under the seamount is substantially different from the anomalies

Fig. 12.20. A high-velocity region in the top of the crust on Eratosthenes Seamount (Fig. 12.1) plotted in the schematic maps of bathymetry (a), total magnetic intensity reduced
to the pole (b), and Bouguer gravity anomalies (c). The maps are given after Makis et al. (1994), Makris and Wang (1994). Key: 1. (a) Simplified bathymetric map;
(b)- Map of magnetic intensity corrected for the pole; (c) Map of Bouguer anomalies. Fig. 12.1. Schematic map of Eratosthenes Seamount. The seamount topography
1s given after Hall (1980, 1981, 1994). The hatched area on the southeastern side of the seamount defines the high-velocity layer on the seamount. The map also shows
the locations of seismic profiles, DSDP holes, and dredging sites (Zverev and Ilinsky, 2000). Legend: (1-2) refraction profiles surveyed by the Institute of Physics of the
Earth in 1987-1990 and locations of the OBSs: (1) Profile 9-3, 1990; (2) Profile 1-2, 1987 (Zverev et al., 1993); (3) line of CDP profile shot from R/V ‘Akademik Nikolaj
Strakhov’in 1987 (Kogan, and Stenin, 1994); (4) refraction profile surveyed by J. Makris et al. in 1978 (Makris et al., 1983): OBS locations are shown by squares, seismic
Sl}ots by circles with numbers; (5) refraction profile shot by Z. Ben-Avraham and others in 1989, and the location of OBS sites (Ben-Avraham et al., 1996); (6) limits of a
high-velocity layer in the top of the crust (on profiles 1, 2, 4, and 5); (7) dredging sites (Mouraviev et al., 1994); (8) crustal fault separating the southem and northem parts
of Eratosthenes Seamount; (9) sites of DSDP holes (Emeis et al., 1995); (10) high-velocity region. The inset map shows the map location.
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observed above the Troodos ophiolite on Cyprus and above the
Baer-Bassit ophiolite in Syria. At the same time there is a magnetic
maximum on the coast of Israel near Haifa (Ben-Avraham and
Hall, 1977), in an area of Cretaceous basalts, which resembles the
maximum above Eratosthenes. The magnetic and gravity anomalies
of this area have even been reinterpreted to suggest the existence of
a Early Jurassic shield volcano under Mount Carmel (Gvirtzman et
al.,, 1990). No similar maxima were reported for areas of younger
basalts (Rybakov et al., 1994), It would be useful to study the land
maximum in Israel to possibly gain an understanding of the nature
of the maximum above Eratosthenes.

Turning to the map of gravity anomalies, we emphasize that
Eratosthenes Seamount has no distinct expression in the Bouguer
gravity map. This suggests that the average density of the rocks in
the seamount rising above the surrounding seafloor can be close
to the density of 2.67 g/cm’ used to calculate Bouguer anomalies.
One can see on the map of Fig. 12.20 that the gravity minimum
dominating the area around Eratosthenes is observed between
Eratosthenes and Cyprus. It is associated with a deep trough
filled with sediments, and a gravity maximum was discovered to
the west of the seamount. The effect of the high-velocity zone,
recorded under the southern part of the seamount, expresses itself
as a local distortion of the gravity contour lines on the eastern slope
of this gravity maximum. It is represented by a relative high in the
Bouguer gravity curve on the southwestern slope and at the base
of the seamount (Fig. 12.17c). Our estimates suggest that this high
can be explained by a rise of 13-16 km in the lower crust surface
(with velocity of 7 km/s - Fig. 12.17d).

Dredging and Drilling Results

The material raised by dredging during Cruise 5 of R/V
‘Akademik Nikolaj Strakhov’ generally consisted of Quaternary
and Miocene sedimentary rocks, except for two dredges which
contained one granite fragment, one basalt fragment (Site 26), and
many serpentinite fragments (Site 27) (Krasheninnikov et al., 1994;
Mouraviov, Kaleda and Boiko, 1994). These findings were quite
unexpected. These authors advanced the suggestion that the granite
fragment might have been derived from the crystalline basement
in the course of its destruction and faulting. However they did
not rule out its accidental nature (p. 128, in Krasheninnikov et al.,
1994). The map of Fig. 12.1 shows the location of the dredging
sites. In the seismic section they are restricted to the place where
the layers with velocities of 5.8-6.2 km/s disappear. There is reason
to believe that the dredged rocks were the broken remnants of the
upper layer of crystalline rocks. During the dredging operations
at Site 31, located on the southern side of a roughly WSW-ESE
fault intersecting the top of the seamount, a fragment (35x25 cm)
of Cenomanian(?) massive limestone plate was raised from a depth
of 1300 m (Krasheninnikov et al., 1994). We believe that these are
rocks from the layer with a velocity of ~4.8 km/s, which replaces,
near the top of the seamount, a layer with velocities of 5.8-6.2 kin/s
which is supposedly of crystalline composition.

Within the framework of DSDP Leg 160, drilling was
performed in the Eratosthenes area (Emeis, Robertson and Richter,

. M. Zverev and D. A. llinsky

1995; Robertson et al., 1998). Four holes were drilled along a N-S
line passing from the northern edge of Eratosthenes’ flat top (Hole
966), to the northern slope of the seamount (Hole 965), to its northern
base (Hole 967), and to the southern slope of the Hecataeus Ridge
(Hole 968) (Fig. 12.1). The drilling depths ranged between 200 and
500 m below the seafloor. Holes 965-967, drilled in the seamount,
encountered a small thickness of Messinian deposits. Also found
there were Miocene and Eocene deposits (Holes 966 and 965), as
well as Maestrichtian and Santonian limestones as thick as 500 m
(Hole 967). A drill core 300 m long raised from Hole 968 consisted
of Messinian deposits.

The Upper Cretaceous limestone struck at the bottom of
Hole 967 was found to be of nearly the same Upper Cretaceous
age as the dredge sample raised at Site 31. Note that at Site 31
Cretaceous limestones were found at a depth of 1300 m below sea
level, whereas in Hole 967 they were found at a depth of 2900
m. This indicates that the northern edge of the seamount has been
dropped down some 1,600 m by a normal fault (Krasheninnikov
etal., 1994). )

GEOLOGICAL INTERPRETATION

The majority of investigators consider Eratosthenes Seamount
to be a part of the African platform. Sage and Letouzey (1990)
offered two possibilities for its genesis. According to the first, the
seamount is a sea cape detached from the continent, and according
to the second, this is a young structure, which developed as a result
of bending of beds at the front of a thrust. Malovitsky et al. (1982)
believe that the seamount is a horst belonging to a low velocity
layer of the Precambrian African platform. Krasheninnikov et al.
(1994) suggest the seamount is the northern rim of the Precambrian
African-Arabian platform.

After the seismic refraction survey between Cyprus and Israel
(Makris et al., 1983) it was suggested that Eratosthenes Seamount
was a part of continental crust extending to Cyprus. This concept
is still popular (Ben-Avraham et al., 1998; Hirsch et al., 1995). In
fact, instead of a thick sedimentary sequence filling the Levantine
Sea, the uplifted layers are characterized by velocities as high as 6
km/s.

Our study confirmed the uplifting of high-velocity rocks and,
at the same time, establishes a very complex layering pattern in the
upper 15 km of the crustal sequence, i.e. layers with velocities as
high as 6.2-7.0 km/s alternating with layers of lower velocity.

Generally the possibility of assigning the crust to one
major type or another is determined by its particular set of
characteristics. However, apart from the major crustal types there
are some transitional ones. And each of the basic types includes
its own subtypes. Accordingly, six models of the crust are known
(Beloussov and Pavlenkova, 1985).

One of the fundamental characteristics of the continental crust
is monotonous variation of crustal rock properties and an increase
of velocity with depth. Usually stable Pg phases are traceable as
first arrivals at distances of > 200 km from the source. The results
of our shooting, as well as the records of other investigators (Ben-
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Avrahametal., 2000; Makris et al., 1983), indicate that no waves of
this type have been recorded on Eratosthenes Seamount; therefore
its crust cannot be interpreted as typically continental. The region
where high-velocity layers are raised closer to the surface is located
in the southern half of the seamount.

Undoubtedly Eratosthenes Seamount is a basement high.
However, we believe that it cannot be interpreted as a structure
with a typical continental crust that differs from the crust of the
adjacent basins, which some investigators consider to be oceanic
(Ben-Avraham et al., 2000; Makis et al., 1983).

There are reasons to interpret Eratosthenes Seamount as an
ancient long-lived volcanic edifice. The accumulation of volcanic
rocks could cause the development of ring faults, the subsidence
of the cone, and the formation of a nearly rectangular depression
in the seafloor topography. Keeping this in mind, consider the
following evidence and possible explanations.

The northern and southem parts of the structure have
experienced different geological histories. Lava flows in the
southem part produced gently dipping slopes whose geometries
are expressed in the modemn topography of the seamount. The
uppermost lava flow (having a velocity of 5.8 km/s on the PR 9-3
profile) is of minor thickness and thins out at the base of the slope.
It was subjected to destruction on the upper part of the slope, where
fragments of crystalline rocks have been found. This lava flow ran
over the destroyed surface of the older lava flows which consist of
stronger rocks with velocities of 6.0-6.2 km/s. The older lava flows
are 30 km long and have a total thickness of more than 1.5 km.
They flowed over and beneath the ring fault and are traceable under
the sediments for another 5 km. Near the flat top of the seamount
the loose sediments are underlain by a dense sedimentary layer
(4.8 kmy/s) instead of a volcanic layer (5.8 km/s). This sedimentary
layer is underlain by a sequence of low-velocity rocks 2 km thick.
We interpret this locality as the summit of the volcano, where the
weathered volcanic rocks are covered by marine sediments.

Starting from the ring fault, layers with high velocities (6.5-
6.7 and 7.0 ki/s) were observed at depth intervals of 5-6 km and
7-9 km under all of the seamount. Rocks with relatively lower
velocities underlie these layers. The layers can be interpreted as
the upper rims of a magma chamber and/or intrusive bodies which
originally served as magma feeders. At greater depths these bodies
are made up of highly magnetic basic rocks and produce a positive
magnetic anomaly.

The northern part of the seamount is separated from the
southem by a fault striking roughly in a WSW-ENE direction. The
fau.It serves as an obstacle for the propagation of seismic waves
arriving from different directions. The waves arriving from deep-
Seated interfaces have lower velocities to the north of the fault.
'_Fhe seafloor topography to the north of the fault differs from that
in ﬂ}e south. The slopes of the seamount are dissected by valleys,
havgg scarps and varying in steepness. The seismic boundaries
a;-e inclined away from the top. There are folds at the base of the
slope.

We believe that this structure was formed as a result of the
substantial sagging of the upper crust in the zone bordering the
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volcanic seamount to the north. It grades from an initial region of
recent deformations into the subduction zone which surrounds the
Cyprean Arc in the south. The evidence supporting the idea that
the sagging process continued north of the seamount is the deép
seafloor depression (> 2700 m), filled. with 1.5 km of Pliocene-
Quaternary sediments, within which the deep DSDP borehole
met limestones at a depth 1.3 km greater than on the top of the
seamount. Reflection shooting clearly showed that, contrary to
the southern part, the northern part of the seamount had not been
protected from disintegration of the solid rock. In the course of
sagging, the northern segment of the ring depression and slope was
destroyed, and part of the old volcanic edifice was buried.

When volcanic activity ceased, the edifice subsided, to be
followed by the accumulation of a roughly horizontal sequence of
sediments. The sedimentation conditions on the top were different
from those in the adjacent basins, i.e. there are no Messinian
deposits, and the flat-lying compact sediments show velocities of
4.8 ki/s instead of the 4.3 kin/s seen in the basins.

In concluding this discussion on the possible volcanic origin
of Eratosthenes Seamount, it is worthwhile noting some of the
latest investigations of underwater volcanoes in the Tyrrhenian
Sea (Gorodnitsky, 1993). Despite some similarity in topography,
a recent Tyrrhenian seamount shows a more complex pattern of
magnetic anomalies that that for Eratosthenes. Besides, the layer
of recent sediments covering the volcanic rocks of the young
seamounts is very thin.

It should again be mentioned that the map of magnetic
anomalies of Israel and the eastern Mediterranean (Rybakov et
al., 1994) demonstrates a long magnetic anomaly comparable to
that of Eratosthenes. Such an anomaly was mapped in the vicinity
of Mount Carmel, an area of Cretaceous volcanic rocks, and
suspected of covering an older shield volcano. We believe that a
comprehensive comparative study of these two areas may clarify
the origin of Eratosthenes Seamount.

Judging by the age of the limestones on the top of the searount
(Upper Cretaceous, probably Cenomanian), it was formed during
pre-Cretaceous time. It is difficult to imagine that the ancient
volcano could preserve the structural features similar to those of
recent volcanoes. Hirsch et al. (1995) advanced the idea that the
thick (12 km) sedimentary sequence in the eastern Mediterranean
accumulated under platform conditions on the Precambrian
basement. Such an idea seems to admit this possibility. It is
also logical to propose the alternative that the high-velocity and
highly magnetic layers recorded in the interior of Eratosthenes are
protrusions and slices and slabs of igneous rock similar to those
known to be abundant in the ophiolite belts of Cyprus and Syria.

It is advisable to redefine the deep structure of Eratosthenes
on the basis of the various available seismic data. They indicate
the existence of deep roots for this structure and provide further
grounds for discussing ideas about the magnitude of horizontal
movements. These new data that were accumulated for the eastern
Mediterranean are sufficient to progress, from hypotheses on
the nature and mechanism of tectonic processes, to real models
based on knowledge of the geological structure of the land and on
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geophysical data relevant to the deep structure at various levels in
the crust.
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Chapter 13

Peculiarities of Sediments and Basement Structure in the Frontal Zone’
of the Cyprean Arc (Based on Seismic Refraction Data)

Sergey M. Zverev

Institute of Physics of the Earth of the Russian Academy of Sciences, Bolshaya Grusinskaya Str. 10, 123 810 Moscow, Russia

INTRODUCTION

The frontal zone of convergence of the African and Eurasian
plates crosses the northern part of the eastern Mediterranean. It is
expressed as steps, depressions, and deformations of the seafloor as
well as the specific geological structure of the Troodos Ophiolite
Massif of Southern Cyprus. This structure is known as the Cyprean
Arc.

This region has attracted considerable interest, and numerous
marine geological and geophysical investigations have been
carried out (Malovitskiy, 1978; Malovitskiy et al., 1982; Finetti,
and Morelli, 1973; Hirsch et al., 1995; Makris et al., 1983; Makris
and Stobbe, 1984; Montadert, Letouzey, and Mauffret, 1978;
Sage and Letouzey, 1990; Ben-Avraham et al., 2002). However,
up to now these investigations have been rather isolated, not very
detailed and, on a whole, not very conclusive.

In 1987-1990 studies of a more comprehensive and
multidisciplinary nature were carried out during three cruises of
the research vessels ‘Akademik Nikolaj Strakhov’ and ‘Akademik
Boris Petrov’ of the USSR Academy of Sciences (Krasheninnikov
and Hall, 1994). Multidisciplinary geological and geophysical
observations, including marine and land-marine seismic refraction
(DSS), were performed with a number of profiles located on Cyprus
and the adjacent marine areas. The preliminary results of the initial
analysis of the seismic refraction data were published by Zverev et
al. (1993). The comprehensive processing and interpretation of all
the complex seismic refraction data was delayed for a number of
reasons, and more thorough analyses were only made for certain
sections of the profiles (Zverev and Ilinsky, 1998, 2000).

We employed a powerful airgun sound source to make strong
impulses along fixed seismic refraction profiles in the eastern
Mediterranean. These explosions provide good-quality seismic
data at a number of Ocean Bottom Seismograph (OBS) stations
emplaced along the profile. The analyses show that the seismic
wave field is strongly variable. Reversed and overlapped OBS data
obtained during the experiment show that many of the existing
features of the seismic wave field recur in overlapping records,
ie. Fhey come from horizontal inhomogenieties of the geological
section. The precise analysis of the records gives us, as a first
approximation, an insight into the nature of the seismic waves,
and allows us to pick the different arrivals along the profiles and
thus plot out the time-distance curves of the system. However,

for a structure with complicated strata, the conversion of time-
distance curves into deep velocity sections is extremely difficult.
During the first attempted seismic refraction processing many
scientists used the popular technique of horizontal-homogeneous
(1-D) media structure. As a result they transformed all horizontal
inhomogenieties of the sections into deep inhomogenieties, and
the real sections become distorted and erroneous. After a formal
correction of the sections, by means of mathematical modelling,
they received distorted sections for a given incorrect starting
model.

We tried to construct a correct starting model by using the
classic approach for the analysis and processing of seismic wave
fields developed for seismic refraction prospecting (Gamburtsev
et al.,, 1952). Moreover, the digital recording technique makes it
possible to obtain a more detailed and accurate analysis. Attention
was primarily focused on the investigation of the kinematical
and dynamical parameters of the waves. They reveal differences
between wave properties along the profile, which correspond to
lateral variations in the geological section. These variations in the
wave parameters were considered in defining the initial models
for the seismic sections. This is the major difference between our
approach to interpretation and the traditional way. In the traditional
approach the emphasis is placed on searching for, and separating
out, those waves with similar kinematic parameters, and then tracing
them along the whole profile, but not taking into consideration the
strong attenuation, and sometimes even extinction, of the waves
along the profile. A new approach was used to interpret the data for
the profile that crosses Eratosthenes Seamount. There we detected
layers with velocities appropriate to sedimentary and crystalline
rocks, which were often overlain by a low velocity layer, and fault
zones which we also noted. The features we discovered in this area
correspond well to the seafloor relief, geological data, seismicity,
and other measured geophysical fields, and thus allow a consistent
geological interpretation (Zverev and Ilinsky, 2000).

In this chapter we discuss the properties of the sedimentary
units and crystalline basement obtained from the refraction deep
seismic sounding (DSS) studies. We present important new
information about the geological section with several examples
from three profiles, located to the south and east of Cyprus. We
also consider a starting model of seismic cross section; to give a
comprehensive analysis of the extended south-western Profile 6.
We will also carry out comparative studies of the other two lines.
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Peculiarities of Segments and Basement Structure in Cyprian Arc Frontal Zone

The data in this study were collected under the guidance of the
author during his participation within the framework of the Tethys
Project. Scientists of three institutes of the Russian Academy
of Sciences (the Geological Institute, the Vernadsky Institute of
Geochemistry and Analytical Chemistry, and the Schmidt Institute
of Physics of the Earth) worked together with their colleagues
from the Geological Survey of Cyprus. Together we performed the
seismic DSS investigations, including the fieldwork with the OBS
and the airgun runs, followed by digitization of the records, data
processing, and initial interpretation.

AREA STUDIED AND GENERAL RESULTS OF THE
SEISMIC REFRACTION INVESTIGATION

Below is a discussion of the data collected on DSS Profiles 6,
8 and 9, to the south and east of Cyprus (Fig. 13.1). In this part of
the eastern Mediterranean we observe a complex seafloor relief.
The transition to stepwise relief is located to the east where the sea
depths in the southem part of the Levantine Basin are more than
2000 m and in the norther part less than 1500 m. Three structural
elements are located to the east of Cyprus. They are the Hecataeus
Ridge, with depths less than 500 m, which extends along the
island’s continental slope to the south-east; the oval Cyprus Basin
(with depths >1000 m); and farther north, the step down to the level
seafloor of the northern Levantine basin. A steep slope stretches to
the south of Cyprus down to the deep Giermann Trench (> 2500
m), a broad depression which separates Cyprus from Eratosthenes
Seamount. Here the known deformation zone goes from east
to west. The arcuate shape of the main bottom structures of the
Cyprean Arc can be observed on the bathymetric maps published
by Hall (1980; 1981; 1994) and Loubrieu et al. (2001), but it is
distorted by the straight and wavy elements of differing orientation
reflecting the complicated three-dimensional deep structures of the
region. Generally the seafloor relief of the study area is much more
distorted then that of the adjacent areas.

The locations of the airgun shooting lines and positions of the
ocean bottom stations (OBS) are shown on the map in Fig. 13.1.
The detailed description of the techniques used in the refraction
experiment is given in Zverev and llinsky (1998; 2000; and
Chapter 12, this volume). In the following discussion the profile
number will precede the OBS number (i.e. OBS 606 for instrument
6 on Profile 6) when describing the results obtained from a given
bottom seismograph.

Below we will investigate some aspects of the seismic waves
which present the peculiarities of the most important features of
the deep geological structure. These can be used to prepare the
starting model for the seismic sections which will then be corrected
by mathematic modelling. We will not describe all the details of
the seismic wave properties, and the procedure for preparing the
section, but will demonstrate the geological significance of well-
established properties of seismic waves.

Figure 132 shows different data from Profile 6 which
extended to the south-west of Cyprus. Eleven OBSs and several
land seismic recording stations (LS) were deployed along this
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line. The bathymetric map and echogram in Figs. 13.2a and 13.2b
show the complex deformations of the seafloor. The reversed and
overlapping arrivals were used for seismic wave studies. We were
able to discriminate between refracted waves from unconsolidated
sediments (Psed2 - velocity V<3 kmvs), from dense sediments (Psed4
- 3.5<V<4.7), from crystalline layers (P«4 - 6.6<V<7.0), and from
the basement (Pxs - V>6.8). The waves with velocity 7.5 km/s we
associate with the basement. They can be distinctly traced all along
Profile 6. The Px4 waves were detected in some parts of the profile,
ahead of the Px5 waves with velocities less than 7 km/s.

Fig. 13.2c shows the boundary velocities for the consolidated
sediment layers, and Fig. 13.2d shows the time section for the main
refracted waves as distribution times and boundary velocities V,,
calculated from the reverse time-distance curves by the difference
method. The level of reliability of the data is also noted.

In order to convert time sections into deep sections, we must
determine a velocity distribution over the whole plane of the
section. The real data on velocities is derived only for a part of
the plane of the section, i.e. that covered by the seismic rays. The
general picture is improved during the mathematical modelling.
The approximations for the deeper section are shown in some
parts of Profile 6 in Fig 13.2d as depth scales based upon estimated
velocities. The section is very complicated, especially in the north-
east where the profile probably crosses the convergence front. The
section will be discussed below.

Sedimentary thickness properties

Seismic velocities from reflection and refraction studies of the
sedimentary cover of the Mediterranean Sea have been discussed
in general publications (Malovitskiy, 1978 and others). In general,
the seismic propagation velocity in the uppermost layers of
Recent soft sediments are near 1.8 km/s, the Pliocene—Quaternary
sediment layer is up to 2.0-2.5 km/s, and the Messinian and pre-
Messinian layers of dense sediments are 3.54.7 km/s. The solid
evaporite layers (salt and gypsum) of the uppermost part of the
Messinian strata are often observed to have velocities of about
4.5 km/s. The interlayers sometimes found below salt horizons
can have relatively low velocity, and the decrease can reach 1 km/s
(Montadert et al., 1978).

Seismic reflection studies are mostly limited to depths of
less than 6 km. The latest CDP reflection observations gave
better results and in some places penetrated a total thickness of
sediments of up to 10-12 km. Some publications (Montadert et
al., 1978; Udintsev et al., 1994 and others) present the distribution
schemes for the Messinian deposits and possible existence of other
sedimentary formations.

Previous publications on seismic refraction studies mostly
presented only the schematic sections. Seismic refraction records
connected with sedimentary thickness were neither revealed nor
discussed. The distribution of seismic properties of sediments was
not examined. This is especially true of the eastern Mediterranean,
where seismic studies were carried out much later than for other
seas.
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Peculiarities of Segments and Basement Structure in Cyprian Arc Frontal Zone

Our high quality refraction studies show the variation in
sedimentary layer properties in some areas of the region. The
uppermost several tens of meters (successfully studied by the high
resolution single channel reflection method) are given a velocity of
1800 mvs. These layers are beyond of resolution of our refraction
techniques, where we can establish the average properties of
soft sediments not less than 200-300 meters in thickness. The
observed velocities are 2.0-2.5 km/s, and the thickness varies from
0.3 to 1 km and more in this region. We stand a good chance of
effectively studying the underlying consolidated sediments by our
experimental setup with closely spaced airgun shots and OBSs
located at intervals of 10-20 km along the profile. The sediment
velocity parameters are relatively stable. Reversed data show
the boundary velocities for Psed4 in Profile 6 to vary from 3.8 to
4.8 kmy/s. These values suggest Messinian deposits. Some local
variations derive from changes in velocity, wave record patterns,
range dependent variation in the high amplitude first arrivals and
even their disappearance through interactions with other wave
trains. These parameters reflect the properties (thicknesses) of the
whole sedimentary cover with upper boundary velocity of 3.8 to
4.8 km/s.

Some examples from Profile 9 are shown in Fig. 13.3 which
presents data collected by OBS 901 deployed in the shallow
northern part of the Levantine Sea on the plain to the north-east of
Cyprus. There is a small thickness of soft sediment, and waves with
velocity 2 km/s can be observed only close to the OBS. The waves
with velocity 4.5 km/s are characterised by sharp high amplitude
arrivals with an abrupt decrease and subsequent extinction at
distances of more than 7-9 km from the source. The next regular
packet of first arrivals comes following a delay of about 1 s. Such
a pattern suggests a high velocity contrast at the top of the dense
sediment layer, and the limited effect of the uppermost interlayer
with velocity 4.5 km/s (salt?). A relative decrease in seismic
velocities exists in the underlying layers.

Elsewhere a different pattern is observed. Fig. 13.3b shows
data collected by OBS 908 deployed in the trough separating
Eratosthenes Seamount from Hecataeus Ridge. Elements of strong
low velocity waves can be seen at small distances, associated with
unconsolidated sediments in the first few hundreds of meters. At
distances of more than 1 km. the observed wave has a velocity of
about 4.5 kmvs. The velocity and pattern of the wave varies slightly.
It can be traced continuously up to a distance of 20 km from the

-
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OBS and ends as a basement wave. Such a wave can be attributed
to the total thickness of sediments, extending from the top through
the Messinian layers. The duration of the traced wave can be
explained by a positive velocity gradient in all the sedimentafy
section below and by the absence of a considerably higher velocity
interlayer (salt?) at the top of this pile.

Figure 13.3c shows the velocity depth curve for sediments
for the whole Mediterranean, from Montadert et al. (1978), based
on reflection records and the geological column. The solid lines of
the velocity curve fit well to a section with a thick evaporite layer
imbedded within low velocity sediments. This pattern matches the
refraction record in Fig, 13.3a.

Refraction records similar to the first or second examples
and their combinations, are observed in some places within our
study area. By analysing seismic refractions, we can determine the
sediment properties of the region. For Profile 6 the picture is more
complicated than for the other examples shown. The breaks of the
time curves for the first arrivals of the 4.5 km/s waves are often
insignificant, but velocity variations are more typical. Reversed
records allow calculation of the boundary velocity, which ranges
from 3.8 to 4.8 km/s (Fig. 13.2c).

Some special features of the sediments are observed in some
localities. Examples of recorded data from both OBS and land
stations (LS) are shown in Fig. 13.4. It shows data for the northern
part of Profile 6, close to the shore of Cyprus. OBSs 602 and 601
were deployed in the deep water trough near the base of the island
slope (601) and on the upper edge of the rise south of the trough
(602) (see Figs. 13.1, 13.2a, and 13.2b). LS c616 was deployed at
a distance of 20 km from the northern end of the shooting lines. In
the OBS 602 records (Fig. 13.4a) we can see the Psed4 wave traced
northward with a velocity of about 4.5 km/s up to 145 km (16 km
to OBS 602 position). Here we can see a sharp decrease in velocity
down to 2.5 kmy/s. In the reverse records of OBS 601 southwards
(Fig. 13.4b), the first sediment wave Psed2 has a velocity of 2.5
km/s; it is traced up to 139 km (10 km. from OBS 601) where it is
transformed into the weak wave Psed4 (4.5 km/s).

A similar picture can be seen on the records of the LS c616
(Fig. 13.4c). We can detect a change of velocity in the same place
as in the records of OBS 601. For the points with drastic velocity
changes, the difference in distance is 6 km between the observations
as made from the south and from the north,. This coincides with
double the length of deviation for seismic rays leaving the seismic

Fig. 13.2. Dataset for Profile 6, extending to the south-west of Cyprus. (a) OBS positions plotted on a large scale bathymetric map; (b) echosounder records along the profile;
(c)distribution of the boundary velocities Vb for the upper part of consolidated (Messinian?) sediments, calculated by using many pairs of reversed refraction records; (d)
Time-distance section to OBS 606 and OBS 603 for main observing waves, calculated by means of the ‘differences of time distance curves t0)’ method, using reversed
and overlapping curves. Relative distances (X - in km) are shown on the horizontal axis along with OBS numbers, travel times relative to seafloor on the vertical axis.
Wave indices are written above the lines: Psedd4 is for consolidated (Messinian?) deposits, P4, Pk5, Px6 and Pk7 are for crystalline layers. Index numbers are chosen on
the basis of velocity value and position of the layer in the section. Boundary velocities Vb (km/s) are shown below the lines: calculated values are indicated by a vertical
stroke under the horizon; extrapolated values are marked by a star, and assumed values by two stars. Hatched lines indicate areas with less reliable data. Approximate
depths in km are plotted in columns with rows of dashes, and the average velocity used is noted on top. The PS5 surface underlies sediments in the left (southern) part of
profile, and the Px4 surface appears in the middle. A sharp discontinuity is seen in the section between 130 and 160 km, near the coast of Cyprus, where the in the place

of base of steep submerged slope near island shore.
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Peculiarities of Segments and Basement Structure in Cyprian Arc Frontal Zone

boundary. Hence many seismic records show that the sedimentary
layer, with velocity about 4.5 km/s, does not exist on Profile 6 in the
narrow 14 km wide zone beneath the axial part of the deep trough
south of Cyprus (Fig. 13.2).

One can see a similar picture in Profile 9 in the sector situated
south-east of Cyprus at the base of the steep southern slope of
the Hecataeus Ridge. Reverse records from OBS 907 and OBS
008 allow us to precisely identify the place where the extended
sedimentary layer with velocity 4.5 kmy/s (built up on the northern
side) was replaced by soft sediments with velocity 2.5 km/s. Unlike
the previous examples, here the low velocity sediments extend
north up to several tens of kilometers and underlie all of the cataeus
Ridge.

A similar narrow trough filled with unconsolidated sediments
is also found on Profile 8 when approaching the Cyprus depression
from the east. It is located at the junction of this depression with the
northern plain of the Levantine Sea. As OBS 802 and 808 records
demonstrate, here the width of this trench is approximately 10 km.
The positions of the narrow depressions filled with unconsolidated
sediments are marked by dots on the respective records (Figs. 13.5
and 13.6).

The soft sediments filling the narrow depressions absorb
seismic energy. This is manifested by strong attenuation of the
seismic waves propagating through the body of soft sediments.
Hence OBS 601 and OBS 602, deployed close to the depression,
do not record waves from sound sources beyond the depression.
Below we will provide other examples of this.

Properties of the basement wave arrivals

Prior to our investigation, information on the bedding of
sedimentary layers in this region was only known from some
aspects of DSS experiments (Moskalenko, 1974; Makris et al.,
1983; Makris and Stobbe 1984). In general, for DSS experiments,
basement waves are considered as regular waves with velocities
more than S km/s, which at some distance become first arrivals.
Essentially basement wave properties vary from place to place in
the areas that were studied due to the complexity of the geological
structure. Figure 13.2¢ provides an example with the time section
model for Profile 6. A layer with velocity 6.8 km/s was detected in
the middle of the profile beneath sediments, but in the southem part
we can only see the 7.5 kin/s layer. This layer can be reliably traced
under the 6.8 knv/s layer to the north. The waves with velocities
of 7.0-7.6 km/s with reversed and overlapping recordings can
also be observed on all the profiles studied around Cyprus. Such
waves are traced for long distances as first arrivals and account

&
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for the big thickness of the consolidated crust. They compare well
with each other on the three different profiles. The deep section
parameters provide representative data on these waves. That is why
we take waves with velocities of about 7 km/s as a standard for thé
basement in this region. The presence of the above high velocity
layers (7.0>V>5.5) will in each case be specifically addressed.

The basement wave records for OBS 606 are plotted in Fig.
13.5. The basement wave PxS moving from OBS 606 north-
eastwards starts at 25 km and goes up to 100 km. A complex pattern
of arrivals can be seen occurring at intervals of 10-15 ki, with the
reduced arrival times decreasing south to north. The general slope
of the time-distance curve is approximated by a velocity of 7.5
km/s up to distance of 100 k. The seismic records shown in Fig.
13.5 offer a clear view of the basement surface relief (assuming a
constant average velocity above the basement).

An abrupt distortion of the pattern of the records takes place
at 125 km (at a distance of 104 km from the OBS). A new wave
Px«é arises. It is accompanied by a time delay of 1 s. at first arrivals
and an increase of apparent velocity to more than 8 km/s. We can
assume the Px6 wave is a second arrival, for it appears as a first
arrival some 18-20 km before. The Px6 wave is easily traced further
northwards up to the end of the shooting line. Data from several
stations with reversed and overlapping time-distance curves are
shown in Fig. 13.6. First wave records of the LS c616 (Fig. 13.6a)
show a good correspondence with the Pxs wave (OBS 606) at
distances of less than 125 km. However, a correspondence with the
Px6 wave is not that clear. We assume that a new wave Px7 arises in
the OBS 606 records at distances of 104, 116, and 124 km as weak
regular long period waves appearing after the first waves (Figs.
13.5 and 13.6). We can also see such waves in the OBS 603 records
(Fig. 13.6c). They can possibly be attributed to the steeply sloping
seismic horizons dipping under Cyprus.

Figures 13.5 and 13.6 also show the amplitude attenuation
of those basement waves crossing the narrow soft sediment-filled
depression.

Hence the basement in Profile 6 is broken into many blocks.
Adjacent to Cyprus a big flat basement block (slab) rises up steeply
up toward the shore. It is accompanied by indications of seismic
horizons dipping steeply under the island.

On Profiles 8 and 9 we can observe many similar features in
the basement. The arrival times of basement waves for Profile 8 are
greater than those for Profiles 6 and 9 (7-8 s versus 5-6 s, when
using the 7000 m/s reduction velocity).This might be explained by
differences in depths and average velocities. The OBS 805 records
are shown in Fig. 13.7. The broken arrival times represent a faulted
basement surface with blocks ranging from 6 to 10 km in size.

Fig. 13.3. Typical records of refracted seismic waves from consolidated (Messinian?) sediments and summary section for Mediterranean Sea basin sediments. (a) Recordings of
QBS 901, located on the northern Levantine Sea plain to the north-east of Cyprus; b) Data from OBS 908, in the trough between Eratosthenes Seamount and Hecataeus
Ridge; ¢) velocity-depth curve for sediments, related to seismic reflection records and geological section of sediment thickness (from Montadert et al., 1978). A solid line
on the velocity-depth curve shows the high velocity salt layer within the section, which corresponds approximately to refraction records on Fig. 13.3a. Distances from
OBS and reduced times are noted on the records, also the apparent velocity diagram for a reduction velocity of 7000 mys (on a). Times are related to the seafloor.
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Peculiarities of Segments and Basement Structure in Cyprian Arc Frontal Zone

Arrival times show the rising of the basement towards the west
and the Cyprus depression (where the time is about 6 s). We can
see the broken basement of the Levantine Sea changing toward the
west into a big uniform slab which rises towards the island beneath
the Cyprus depression and flattens near the shore. This picture is
similar to that seen in Profile 6.

A more complex case is observed in Profile 9. The records of
OBSs 909 and OBS 908, which orthogonally cross the Hecataeus
Ridge, show a large thickness of low-velocity sediment starting at
the base of the souther slope and continuing under the whole of
the Hecataeus Ridge up to the Cyprus basin. The basement here
is broken into blocks ranging between 7 and 12 km in size. These
waves have a velocity of 7 km/s.

Data on the above-mentioned basement waves are derived
from reversed and overlapping observations and closely spaced
shooting between the many OBSs on Profiles 8 and 9. Profile
crossings provide 3-D coverage for this complicated area, but the
realization of a more exact configuration will be very difficult.

AREAL DISTRIBUTION OF THE SEDIMENTARY AND
BASEMENT FEATURES

Figure 13.8 gives a schematic view of the distinguishing
features discussed above, together with the generalized seafloor
relief and the geological data for Cyprus. We can offer the
following suppositions about their correlation. The rise of the
basement within the Cyprus depression possibly extends up to
the Troodos Ophiolite Massif. The whole body of the Hecataeus
Ridge is composed of soft sediments. They evidently continue into
the depression adjacent to the island which is filled with Tertiary
sediments. Narrow depressions filled by Recent sediments border
the base of the island of Cyprus. These depressions mark a strip
where the basement surface is influenced by strong faulting and
formation of a slab which rises towards the centre of the island,
accompanied by steeply dipping layers and their broken remnants.
This coincides with a zone of local seismicity.

Hence, a close correlation can be seen between the seismic
parameters, bottom relief, and the geological structure, expressed
as a complicated picture of crustal structure in the frontal zone of
the Cyprean Arc. The strict linkage of seismic data to geologic
reality gives us an accurate picture of the tectonic structure, instead
of just tentative estimates of some seismic parameters at this stage
of the seismic interpretation.

For many reasons we can suggest that the above picture is
a complicated manifestation of tectonic activity in a convergence

=
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zone related to subduction processes. Low velocity non-layered
sediments on the submerged Hecataeus Ridge and the adjacent
depression by Cyprus can represent accretionary prism deposits.
The narrow bands of gaps in the consolidated sediment, filled
by soft Recent sediments, mark precisely the real position of the
convergence front. This depression may have originated from the
subsidence of the unconsolidated sediments and their underlying
layers through subduction. The first evidence of a subduction
process (looking at the convergence front from the south) is seen in
a sharp distortion of the basement surface and by a big block or slab
rising toward the land. The accompanying steeply dipping layers
and their broken remnants can be attributed to the slide surfaces
incurred by subsidence of some layers during subduction. The high
seismic velocity of the masses of crystalline rocks rising through
the basement surface can probably be traced up to the Troodos
Ophiolite Massif, which outcrops in the middle of the island.

Seismic data present the deep structure in a definite and exact
manner. For example, the narrow depressions filled by low velocity
sediments to the south and east of Cyprus are characteristically 10-
14 km in width. The position of their edges (as marked by the
emergence of the appropriate seismic waves) can be determined
to within 1 km. The seismic wave field reflects even small and
diverse details of the structure. They follow the changes in the
seafloor relief. The first attempt at comparison allows us to clearly
see a correlation between the deep structure and the seismicity and
other geophysical fields. The common data set shows a real and
extremely complicated picture of the deep structure. But here we
come up against some problems in the inversion of the seismic
wave field into a deep cross-section with laterally complicated
inhomogeneous media, including steep slopes and vertical
boundaries, and low velocity layers.

Some other general comments can be made in relation to the
data discussed in this chapter and in Zverev and Ilinsky (2000).
The study area is now viewed as a couple of blocks with crust
of both continental and oceanic types (Makris et al., 1983; Sage
and Letouzey, 1990, and others). Our seismic data now show
that this approach is too simplified. Extensive and stable waves
with a seismic velocity near 6 km/s (typical for the basement
of continents) are not observed in this region. We also found no
evidence for a real oceanic crust. Oceanic crust is characterised by
a total thickness of less than 10 km, thin sedimentary cover, and
a variable second layer which is not thick. A third layer comprises
the main part of the oceanic crust. Its seismic wave velocities are
stable in the ocean basins at about 6.7++0.1 km/s. Layers with 7.2
km/s velocity are rare in occurrence.

Fig. 13.4. Records from Profile 6 expose a gap in the consolidated sediment layers and identify it as a narrow depression, filled with unconsolidated deposits. See Fig. 13.1 and
13.2 for Profile and OBS locations. Reverse records of (a) OBS 602 and (c) LS c616 show clearly the sharp change in velocity from 4.3-4.5 to 2.3-2.5 km/s on both sides
of the dmion at distances of 142 and 158 km, or from Index Psed4 into Psed2. The OBS 601 records (Fig. 13.4b) present the opposite picture of changes in the waves.
The position of the depression is marked by dots on the record of Fig. 13.4a, taking into account deviations of the seismic rays. The strong attenuation in amplitude of the
Wwaves, which pass thorough the depression, can be seen. Records are reduced using a velocity of 6000 mvs and times are related to the seafloor.
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Only some features of the oceanic crust are observed in our
region, namely the absence of a 6 km/s layer beneath the sediments.
The basement wave velocities (7.0-7.6 km/s) significantly exceed
the typical values for the third layer of the oceanic crust. Reliable
data on the crustal structure close to the continent (thickness near
30 km) are only observed on the Israel to Cyprus profile of Makris
et al. (1983), and all those results belong to the southem basin of
the Levantine Sea. The estimates of crustal thickness based on the
fragments of seismic waves recorded within the second arrivals
are not very reliable. The existence of continental crust under
Cyprus and FEratosthenes Seamount is similarly not established.
After detailed and careful investigations the real picture of the deep
structure looks very complicated, non-standard, variable in both
the vertical and horizontal directions, and requiring an appropriate
approach for its elucidation.

CONCLUSIONS

We observed many specific features of the recorded seismic
waves from sedimentary layers and basement in the frontal zone
of the Cyprean Arc. They represent different aspects of the deep
geological structure.

The well-known zone of seafloor deformation is accompanied
by variations in boundary velocities (from 3.7 to 4.7 km/s) for the
Messinian evaporite layers (bedded unconsolidated sediments)
which demonstrate its complicated structure. Messinian deposits
were not found in some localities. The sedimentary thickness below
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Gravity Field of the Northeastern Part of the Méditer_ranean Sea

’

(South and West of Cyprus)
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INTRODUCTION

Gravity field investigations in the eastem Mediterranean (to
the south and west of Cyprus) were carried out by scientists of the
Schmidt Institute of Physics of the Earth (IPhE) of the Russian
Academy of Sciences during Cruise 12 of R/V ‘Akademik Boris
Petrov’ in 1989 (Fig. IIL.1) and Cruise 10 of R/V ‘Akademik
Nikolaj Strakhov’ in 1990.

The observations of 1989 only followed the lines of deep
seismic sounding (DSS), but the limited reconnaissance data which
were collected were used for planning the network for 1990. The
gravity observation program for 1990 aimed to investigate in detail
the gravity field in those areas to the south and west of Cyprus
where the deep seismic sounding lines were situated.

This chapter discusses mostly the methods behind the
observations and the accuracy of the 5 mGal contours plotted on
the final gravity anomaly maps. Interpretation of these results can
only be made in conjunction with the analysis of all the geophysical
data.

The preparation of the equipment, the carrying out of the
measurements at sea, and the analysis of the data were made by
the author with the able assistance of L. V. Afanasieva, C. M.
Baranova, E. A. Bojarsky, A. A. Efremov, D. A. Illinsky, O. D.
Nikiforova, T. K. Nikiforov, and V. A. Juzvenko.

Previous regional study

We had very little information about the study area before
beginning our expedition. The best information on previous work
was available at the National Geophysical Data Center (NGDC) in
Boulder, Colorado, USA. In the area east of 30°E, according to the
NGDC, data only existed for some eight cruises, five of them for the
years 1964 to 1966, and three from 1977 to 1984. We estimated that
In our study area approximately 1000 miles of previous track had

‘been measured. As the data from these last three cruises comprised
only 20% of the total, and as we felt that the measurements from
1964-66 were too inaccurate to include in our compilation, we were
:lhaen left with only a few hundreds of miles of track with reliable
ta.

Because the production of an accurate and quality gravity
anomaly map requires an accurate dataset acquired on a regular
grid of lines, it was decided that a completely new survey would

be carried out, and that the earlier results would be used just for
planning and interpretative purposes. For this reason, we will
forego a detailed discussion of the results of earlier works. Suffice
it to say that the earlier semi-systematic surveys provided the basis
for the production of the IBCM-G Bouguer Gravity Map of the
Mediterranean (Morelli et al., 1988), and for the gravity modelling
studies of Makris and Wang (1994). It is highly unlikely that
inclusion of these data would add more information, and indeed
they would probably disturb the accuracy of estimation of our
survey, and make correction of the data which are at our disposal
more difficult.

Equipment and treatment procedure

Observations were made with AMG broad band gravimeters,
developed by the IPhE for global oceanic investigations (Toulin
and Osinskaya, 1970). The gravimeters were installed on a passive
type of gyroscopic stabilizer, developed by the IPhE and the Tula
Polytechnic Institute (Kireev et al., 1978). As is the usual practice
in Russia, several identical gravimeters were used aboard the vessel
to carry out simultaneous measurements. This allows a check on
the data collected, to identify malfunctions, and it increases the
measurement accuracy. Four instruments were used aboard each
vessel, three in operation and one kept as a spare.

Prior to each cruise, the gravimeters passed laboratory tests
on land, including calibration, and trials on a platform for imitating
the accelerations aboard ship. The most important step is adjusting
the stabilization to minimize errors generated by the ship’s vertical
and horizontal accelerations. Some numerical corrections should
be including after trials, and accelerometers are mounted for this
purpose on one of the stabilizer sets. Cross-coupling errors are
low for the AMG due to the use of a pair of oppositely oriented
pendulums in the sensor of a gravimeter, and its influence is
negligible.

The AMG’s measurement counts are recorded on a magnetic
tape. The scanning frequency is 10 cps, 30 adjoining counts are
averaged and written on the tape. Original data are thus presented
as a sequence of averaged data at 3 sec intervals. The tapes are
read into a computer at the end of measurement intervals of up
to 12 hours duration. The analysis showed that no corrections for
horizontal accelerations were necessary.

Shipboard analysis included calculation of average counts
for standard time intervals (usually 5 min), including accuracy
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estimation from the redundant gravimeter counts, and without
making corrections for zero-point deviation, and Eétvos-effect.
This was sufficient to guarantee proper performance and control
of the observations.

The 3 sec measuring interval and the average of the last 5 min
of observations were available for cleaning the gravity signal by
filtering out the influence of vertical accelerations. The last analysis
procedure is the calculation of weighted averages by Cosine
weighting techniques, applied to the ends of the averaging interval.
Such a simple method is very effective, reducing the remaining
errors to less than 0.1 mGal.

Computing Equipment on the Ship

The ship’s main computer was of the ES-1011 type, connected to
the basic ship’s equipment. An additional KAMAK computer was
used for inserting the gravity data into it, with the results of the
shipboard treatment then stored on floppy disks.

Positioning and Navigational Coordinates

Position fixing for the cruises was carried out with the U.
S. Navy’s AN/SRN-9 TRANSIT satellite Doppler navigation
system. The time interval between observations was usually 40-
60 minutes, but sometimes increased to 2 hours. Observational
data from a MAGNAVOX navigation receiver were operated
on by the KOKOS navigation survey program (Boyarsky and
Afanasieva, 1992) for navigating the profiles and repetition of the
measurements if necessary.

This program operates on the principle that the real track
of a ship on a profile is not a series of lines (as shown by linear
interpolation between fix points), but by some smooth curve,
resulting from the influence of winds and currents on the ship.
A search of the best fitting curve was made by using bicubic
spline interpolation. Experiments show that such a technique
increases the accuracy of the gravity measurements. A good
computer and some effort is necessary to carry out this procedure,
but the navigation data can be post-processed at home. The final
‘smoothed’ coordinates probably lie within 0.1 miles of the correct
position. On gravity tracks we used ‘coursographics’ for defining
the course changes between tracks.

Depths

The two ships were equipped with Hollming multibeam (15
beams) swath echosounders. According to the instructions issued
for gravity survey we used only the depths directly under the ship
as determined by the center beam.

The depths collected for the gravity reductions are different
from those used for geomorphological observations. When
traditional and approximate methods are used, the various methods
for processing navigational information can give variations in the
ship’s position of up to 1 mile at the very same time. Thus in the
bathymetric mapping of areas of complicated relief some mistakes
can occur. This is the reason that the bathymetric maps drawn
by our methods can differ in details from the traditional maps.
These errors are probably negligible in geological-geophysical
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interpretation, but are very important to the accuracy evaluation
by track crossings in a gravity survey. The depths are thus used
as a very well determined third coordinate and any misties at the
crossing points are an indication of positional error.

Depths were digitally recorded on magnetic tape on the
ES-1011 computer, and for backup insurance in analog form on
echograms. Depths were sampled every minute, and the average
value was calculated from 5 adjacent samples. The resulting depth
is associated with the center of the gravity observation interval,
which is also the gravity value. To control errors, these were plotted
out, and echograms were used if necessary. In practice, depth data
was always available.

Gravity Base Station Observations

The gravity observations at sea were tied to the world gravity
base network in Limassol Harbor. The base network on the island
of Cyprus was set up in 1958 by the British Geological Survey
(Gass and Masson-Smith, 1960). Two points from the 46 in the
base network are located in Limassol, but, unfortunately, we
had no possibility of reaching these points. At our request, Dr.
C. Xenophontos of the Geological Survey of Cyprus made the
connection between the Malounda base point and a local site in
the harbor. We then tied the gravity value from this place to the
ship’s position. The ships measured several positions for Limassol
Harbor, with the main position data as follows: g22979,791.7 mGal,
latitude 34°39°35”N, longitude 33°01°03”E. These coordinates
were taken from the TRANSIT satellite observations (which were
based on the WGS-72 datum).

Some doubts exist about the magnitude of the errors for basic

gravity determinations. The random error for ties is estimated
at around 0.10-0.15 mGal, but we do not know the accuracy of
the base point in Nicosia, from which the Cyprus base network
evolved. According to the last recommendation of Gass and
Masson-Smith (1960) we have to take into account a value for
systematic error of -11.1 mGal. This contradicts the widely known
correction to the IGSN-71system of 14.0 mGal.
However, this uncertainty in the base value does not distort the
results of our sea survey, as the primary and final ties were occupied
at the same point. Only a small variation (2-3 mGal) in the general
level of the results is possible.

Gravity Observations at Sea
The gravimeters were mounted in the place closest to the pitch/

roll center of each ship. The instruments (including the stabilizer)
were switched on some days before observations began and were
not switched off until the end of the survey. The survey was made
along tracks planned in advance, and its positioning was checked
by the gravity men on duty. The course and speed of the ships were
held constant (on log and gyrocompass), and in the case of changes
appropriate remarks were made in an observation log, which was
later used for reduction of the navigational data.

The work at sea lasted a total of 23 days, and took place over
three periods of time:

1) 1.5 days prior to initial arrival in Limassol;
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Fig. 14.1. Network of gravity tracks in the area to the west and south of Cyprus. Dotted lines are the tracks made by R/V ‘Akademik Nikolaj Strakhov’ in
Cruise 10, 1990; solid lines are the tracks of other expeditions. Each dot marks one of the 5149 gravity observations made in these surveys.

2) 18.5 days between Limassol-2 berthing and Limassol-3
berthing;

3) 3 days after departure from Limassol.

The 1st and 3rd periods were not closed by gravity tie
calibrations, but we do not expect significant errors due to the null-
point extrapolation, so the time interval for them was very close to
the basic observations.

Ninety-nine gravity tracks were run, but two of them were
useless due to stormy weather. The 97 good tracks covered a
total length of 4839 nautical miles, and 5149 gravity points were
determined. The spacing between tracks was around 7 miles. The
Survey was made on a grid of orthogonal tracks, and controlled by
the values at the crossing points. The positions of the tracks are
shov;'m on Fig. 14.1. The tracks are marked by the locations of the
gravity observations. The total area surveyed is about 53,000 km?.
The main aim of the survey was a more precise observation,
depending not only on the gravimeter measurement accuracy,

but also on the ship displacement, instrument mounting place, an
area of study, and sea state. The survey errors depended equally
on gravimeters and on the quality of the navigation. In the process
of planning sea work more attention should be given to the
arrangement of precise (inside and outside) measurement control.

Final treatment of data

The Magellan-PC software package (Boyarsky and
Afanasieva, 1992) was used to analyze the data. The package
contains (as of December 1990) 14 programs for treatment of
laboratory and marine gravity measurements at catalog level in
the Russian MVF-77 format (which practically coincides with the
intemational MGD-77 format), including accuracy of estimation.
The package provides the possibility of using the Golden Software
Inc. GRAPHER® programs to visualize the results.

The error of measurement for one point was estimated from
its similarity to mutual results of the group of gravimeters, and
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Fig. 14.2. Bathymetric map of the area to the west and south of Cyprus. The map was drawn by using the depths measured during the gravity survey
aboard the 1990 Cruise 10 of R/V ‘Akademik Nikolaj Strakhov’. Depth contour interval is 100 m. Mercator projection, scale 1:2,000,000 at
latitude 34°N.
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Fig. 14.3. Map of Free air gravity anomalies of the area to the west and south of Cyprus. The map was drawn based upon results of gravity survey from
the 1990 Cruise 10 of R/V ‘Akademik Nikolaj Strakhov’. The international gravity formula of 1967 was used. The isoanomaly contour interval
is 10 mGal. Mercator projection, scale 1:2,000,000 at latitude 34°N.
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Fig. 14.4. Map of Bouguer gravity anomalies of the area to the west and south of Cyprus. The map was drawn based on the results of gravity survey
in 1990 Cruise 10 of R/V ‘Akademik Nikolay Strakhov’. The international gravity formula of 1967 was used, density value is 2.67 g/cm’.

Topographic corrections were used out to 100 km radius. The isoanomaly contour interval is 10 mgal. Mercator projection, scale 1:2,000,000 at
latitude 34°N.
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totals 1.01 mGal. The overall error, estimated by the misties at
318 crossing points, is equal to 1.98 mGal. This allows us to draw
gravity maps with contours of 5 mGal. The accuracy of the data in
Our Cruises depended not only on errors from longitude smoothing
(Eotvés correction calculation) but also from latitude smoothing,
because there are large areas with high gravity gradients in the
region studied.

The new Global Positioning System (GPS) would give the best
navigational results in a gravity survey. The GPS system permits
continuous observations with insignificant errors. As a result, the
level of navigation mistakes can be lowered to below 1 mGal.

RESULTS OF GRAVITY OBSERVATIONS

Anomalies were calculated by the international 1967 formula,
and Bouguer anomalies were calculated according to topographic
reduction estimated for a 100 km radius. The density of the
intermediate layer was taken as 2.67 g/cm’.

Maps of the bathymetry and free air anomalies are presented
in Fig. 14.2 and Fig. 14.3. Drawing contours near the seashore is
mostly a formality, as the survey coverage is insufficient for the
high gradients in the gravity field. Similar problems apply to the
periphery of the area surveyed.

For a discussion of these maps let us briefly consider the map
as a trapezoid between the 33° and 34° North parallels and the 33°
and 35° East meridians.

The main features of the region studied are as follows.
Eratosthenes Seamount is a great morphological structure whose
top is located at 33°06’ N and 32°06’ E. The behaviour of the field
shows that as a rule free air anomalies followed the submerged
bottom relief. It is observed in the following one degree squares:
34°-35°N, 32°-33°E; 33°-34°N, 32°-33°E; 33°-34°N, 33°-34°E;
and 34°-35°N, 33°-34°E. In other places such a relationship
is not observed. On the trapezoids (34°-35°N, 34°-35°E) and
(35°-35°5’N, 34°-35°E) the seafloor contours are oriented E-
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W, but the isoanomaly trends are SW-NE. The disagreement
between the depths and the free air anomaly map can be seen on
the trapezium to the west of 32° E. On the flat bottom to the north-
west of Eratosthenes Seamount an area with a large anomaly exists
(centered at 33.9°N, 31.7°E), comparable in amplitude (but not by
level) to that of Eratosthenes. This north-oriented anomaly does not
coincide with the bottom relief. An exception can be seen only on
the N-E comer of the trapezoid at 34°-35°N, 31°-32°E.

The main features of the Bouguer anomaly (Fig. 14.4) are seen
near the shore of the island:

1) an anomaly with gradient near 6 mGal/km to the west;

2) an anomaly near 3 mGal/km to the east; and

3) some depressions on the south.

Features 1) and 2) generally coincide to those seen in Fig. 14.3,
but feature 3) differs greatly from it. This picture illustrates the
extremely nonhomogenous densities of the rocks in the coastal
area. An interesting set of anomalies can be seen in the 33°-34°N,
32°-33°E and 33°-35°N, 31°-32°E trapezoids in Fig. 14.4. Here
the anomaly associated with Eratosthenes Seamount is practically
absent. But the anomaly centered at 33.9°N, 31.7°E is seen very
clearly, and its amplitude is nearly 100 mGal (with an absolute
level of +190 mGal and a gradient approaching 2 mGal’km). Such
behaviour of the anomalies allows us to suppose that:

1) the density of the rocks of Eratosthenes Seamount is
compatible to the densities of the rocks below the seafloor; and

2) a similar submerged high density structure exists to the
northwest of Eratosthenes Seamount.

Comparison of our data to the previous Bouguer gravity map of
Morelli et al. (1988, see overleaf) shows that the general features of
both data sets are in agreement. Differences can be seen conceming
the position of the anomaly maximum in the 33°-35°N, 31°-32°E
trapezium, in the position of a depression to the south of Cyprus
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the positions and the amplitudes of the anomalies derive from the
dense coverage of the latest survey.
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Overlay Series can be found in Appendix G. This compilation, published in 1988, is primarily based upon east-west tracks of cruises of Cambridge
University in the UK. Contours are every 10 mGal, with changes in tint every 50 mGal. Red tints are positive and blue tints are negative. The map has
been shaded by Global Mapper® using the 2° ETOPO2 topographic/bathymetric dataset.



Chapter 15

Digital Terrain Model (DTM) of Cyprus: '
The Island, its Continental Shelf, and the Surrounding Sea

John K. Hall

Geological Survey of Israel, Marine Geology, Mapping & Tectonics Division, 30 Malchei Israel Street, Jerusalem 95 501, Israel

INTRODUCTION

The construction of digital terrain models (DTMs) is basically
a time-consuming and masochistic undertaking. Because the
methods for making DTMs of land and sea are so completely
different, the two will be divided into separate sections below.
The section for the land DTM is excerpted from an article in GSI
Current Research Vol. 11 (Hall, 1998a). This article describes
the method accompanying the preparation of the 25 m DTM of
Cyprus, and the publication of the 1:250,000 scale shaded relief
poster of Cyprus (Hall, 1998b), which is reprinted to accompany
these volumes.

INTRODUCTION - THE LAND DTM

Topography represents one basic layer within a geographic
information system (GIS). The construction of a detailed DTM
is usually an expensive and time consuming undertaking. During
1993-96 a digital terrain model (DTM) of Cyprus was produced,
within the Geological Survey of Israel project ‘DTM of the Middle
East’, to support the preparation of a geophysical GIS for the
eastern Mediterranean (Krasheninnikov and Hall, 1994; Morelli
and Val’chuk, 1988). The work was carried out in collaboration
with the Cyprus Geological Survey Department, and Rohr
Productions Ltd., a company interested in the illustrated physical
geography and history of the island. This DTM required more
than 2,000 hours of interactive computer analysis of the 10 and 20
m elevation contours in the 1:50,000 scale topocadastral mapping.
The digital DTM will provide a detailed topographic basis for
future GIS work on the island. When visualized as shaded relief
or in colored hypsometric format, the DTM graphically shows
the overall morphology and the many features of this geologically
very complex island. These include the central protrusion of the
Troodos, the sinuous northern Kyrenia ridge, the intervening valley
and all the associated drainage, faults and lineaments.

The new 25 m DTM of the island of Cyprus is among the

llligghest resolution DTM datasets in the world (Wolf and Wingham,
92).

EXISTING TOPOGRAPHIC MAPPING

The modern 1:50,000 scale topocadastral coverage of Cyprus
consists of the K717 series of 24 sheets (Table 15.1). These were
Produced under the direction of the UK Directorate of Military
Survey, Ministry of Defence, London. They were compiled by
photogrammeetric methods and drawn by Fairey Surveys Ltd.

from aerial photographs taken in 1970. Individual sheets used here
indicate revisions up to the third edition, and were printed between
1973 and 1988 by the United Kingdom Mapping and Charting
Establishment RE (Royal Engineers). The maps are on the
Universal Transverse Mercator Projection (UTM), International
Spheroid, with the European Datum for the horizontal datum, and
Mean Sea Level for the vertical datum. Elevations are all in meters,
with contour interval 20 in and supplementary contours at 10 in
intervals.

MAKING THE DTM

The DTM was produced using the same methods used for
making the DTM of Israel and vicinity (Hall, 1993). The original
color maps were joined into a seamless sheet which was then cut
into 42 separate 20 by 20 km map tiles (Fig. 15.1; Table 15.2).
The four quadrants of each tile were then scanned at 300 dpi on
a grayscale scanner. A variable threshhold was manually applied
to each quadrant to generate a bitmap with maximum definition
of the originally brown contours, and minimum interference of
the various color screens showing vegetative cover and cultural
information. The four quadrants for each tile were then reassembled
and edited using the innovative raster analysis software developed
for the Israeli DTM (Hall et al., 1990; Hall, 1995).

The resulting DTM is on a 25 m grid locked into the UTM grid
used in the K717 map series. Thus there is an elevation value for
every 0.25 mm? of map, and each square kilometer is represented
by a 40 by 40 array of elevations, or 1600 separate heights. The
vertical resolution for the DTM is a decimeter (10 cm). The
DTM agrees exactly with all the contour data and for nodes
between contours represents a weighted average of the E-W and
N-S bicubic spline profiles passing through the adjacent contours.
Constraints on the bicubic splines required that they not range more
than 5 m above or below an E-W or N-S straight line joining any
two adjacent contours.

The DTM is stored as 42 separate binary files, each
representing its own tile and each occupying less than one 3.5
diskette. Each file gives the 641,601 elevations for that 20 by 20
km tile. The elevations in decimeters are written as signed two-byte
integers. The file begins with the northwest comer and proceeds to
the southeast comer as a series of west to east lines, each with 801
elevations. This is the same format used in the DTM for Israel and
vicinity.

It should be noted that in parallel, the mostly 1:50,000, 1:
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Table 15.1. Listing of Series K717 1:50,000 UTM topocadastral map sheets for Cyprus. From the Map legend: Produced under the direction of the
Directorate of Military Survey, Ministry of Defence, London. Compiled by photogrammetric methods and drawn by Fairey Surveys Ltd. from
air photographs dated 1970. Printed by Mapping and Charting Establishment RE (Royal Engineers). Universal Transverse Mercator Projection.
Intemational Spheroid. Horizontal Datum: - European Datum. Vertical Datum: - Mean Sea Level. Elevations in meters, contour interval 20 in with

supplementary contours at 20 m intervals.

No Sheet Name Edition Year | No Sheet Name Edition Year | No Sheet Name Edition Year
1. Ayia Irini 1-GSGS 1973 | 9. Kambos 1-GSGS 1973 | 17. PanoPanayia 1-GSGS 1973
2.  Lapithos 1-GSGS 1973 10. Morphou 1-GSGS 1973 18. Troodos 1-GSGS 1973
3. Kyrenia 2-GSGS 1988 | 11. Paleometokho 2-GSGS 1988 | 19. Pelekhori 1-GSGS 1973
4. Lefkoniko 2-GSGS 1988 | 12. Nicosia 2-GSGS 1988 | 20. PanoLefkara 1-GSGS 1973
5.  Trikomo 2-GSGS 1988 | 13. Athienou 1-GSGS 1973 | 21. Lamaca 2-GSGS 1982
6. Yialousa 1-GSGS 19737 14. Famagusta 22. Pissouri 2-GSGS 1981
7. Rizokarpaso 1-GSGS 1973?| 15. CapeGreco 1-GSGS 1977 | 23. Limassol 3-GSGS 1980
8. Polis 1-GSGS 1973 | 16. Paphos 1-GSGS 1973 | 24. Zyyi 1-GSGS 1973
1 2 1
KH
K
21
ZE

Figure 15.1. Schematic diagram showing the subdivision of the island of Cyprus into the forty-two 20 by 20 km ‘tiles’ which are analyzed separately to
generate the DTM. The exterior grid (in kin) is modified from that of the original UTM Grid Zone Designation 36S by the subtraction of 500 km

from the easting (x coordinate) and 3,800 km from the northing (y coordinate).
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15.2. Listing of map sheet tiles used in the DTM of Cyprus (Sorted by the arbitrarily defined Quadrangles in Fig. 15.1),

137

Table
Quad  Tile Tile Name Quad Tile Tile Name Quad_ Tile Tile Name )
1-IV RZ Rizokarpaso 7-1vV KO Koppo Island 11-11 FA . Famagusta
2.1 KL Klidhes Islands 8-1 ND Nea Dhimmata T1-1I1 XY  Xylophaghou
3-m Al Ayia Irini 8-11 PY Kato Pyrgos 11-1V CG  Cape Greco
31V MY  Myrtou 8-111 YU Yiolou Sheet 12-11 RS Rouskia
4-111 KY  Kyrenia 8-1v PP Paho Panaya 13-1 PO  Polis
4-1V CH Chatos 9-1 MO  Morphou 13-11 LC Lagouda Chiftlik
5-1 MC  Missing Comer 9-11 PA Peristerona 13-1I1 ZE Cape Zephyros
5-11 GL Galatia 9-111 OL Mount Olympus 13-1V EV  Evdhimou Bay
5-111 LE Lefkoniko 9-1v Pl Pitsilia 14-1 PF Perapedhi Forest
5-1IV TR Trikomo 10-1 NS Nicosia 14-11 AV Ayia Varvara
6-1 YI Yialousa 10-11 AU Athienou 14-111 CZ  Cape Zevgari
6-11 KR Karpasia 10-111 PE Perakhorio 14-1vV LI Limassol
6-111 PK Pano Koronia Forest | 10-IV LR Larnaca 15-1 CD  Cape Dolos
7-11 KH Khamilis Island 11-1 LY Lysi 15-11 CK  Cape Kiti

25,000, and 1:12,500 scale fairsheets of hydrographic surveys
carried out in the 1930s and 1950s by the British Admiralty
Hydrographic Department around Cyprus were digitized (Hall,
1996). Approximately 183,000 depth soundings have been
extracted and will be used to generate a continuation of the 25 m
land DTM out to depths of about 100 m.

TOPOGRAPHIC VISUALIZATION

The high resolution DTM allows us to visualize the topography
in a number of ways. Figure 15.2 is a shaded relief representation
of the island, as if it were illuminated by a light source in the
northwest at 30° elevation. Because illumination of the surface
from different azimuths and elevations serves to accentuate its
morphology, this format is very useful for identifying topographic
texture or fabric, subtle expressions of slope such as those exhibited
by drainage systems, and linear fractures and lineaments which
have topographic expression that is not parallel to the light source.
This northwest illumination has long been the standard for shaded
relief presentations.

Figure 15.3 shows the topography as colored hypsometry. In
@s format, similar to the well-known contour maps, seventy-two
different colors are used to identify the heights, in bands of 20 m,
at ea.ch point on the grid. This format is very useful for identifying
relative as well as absolute heights, and especially flat areas and
t!le continuation of linear features through drainage patterns, subtle
ridges, or congruence of height color patterns.

GEOGRAPHICAL DATA

The.D.TM allows computation of the island’s physical
characteristics. By examining the average elevation of each of

the 25 by 25 m DTM facets (each 625 m? in area) it is possible to
calculate the hypsometric curve (Fig. 15.4). This shows the area
above various elevations in 10 m increments. A separate calculation,
determining the volume under each facet, allows calculation of the
total volume of the island. The DTM gives an area of facets with
elevation greater or equal to zero (the offshore was set at -1 m) of
9,214 kin?, and a volume of 2,750 km?. Dividing the two gives an
average height for a tabular Cyprus of 335 m.

The coastline was also digitized from the 1:50,000 UTM map
sheets using a digitizer with 0.001” resolution (theoretically 1.27
m on the map). The area within the digitized coastline using the
method of Hall (1976) is 9,248.4 kim?, while the perimeter is 801.6
km, and the center of mass is located at UTM coordinates 20.524N,
70.88SE.

Some 130 islands lie offshore, and were also digitized.
Altogether these have an aggregate area of 0.6 km? and total
perimeter of 31.5 km. Many of these were mere specks, and the
digitization of their coastline is only approximate.

DISCUSSION OF THE LAND DTM

An analysis of the faults, fractures, and other linear features
observed in Figure 15.2 is obviously beyond the scope of this
brief note. What is clear however is that the shaded relief imagery
shows many additional features which will definitely augment the
structures indicated on the revised 1:250,000 Geological Map of
Cyprus (Geological Survey Department, 1995).

It is curious to note the discrepancy in area given by various
sources. The area calculated here within the 130 islands and the
main island is 0.5654 km? plus 9,248.373 km?, or 9,248.938 km?.
This is in close agreement with the area of 9,251 km? given by the
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Figure 15.2. Shaded relief image of the island of Cyprus prepared by computer from the gridded 25 m DTM of Cyprus. The relief is shown by analytic

hillshading, in which the surface is illuminated by a light source in the northwest at an elevation of 30 degrees. This is the best way in which to
sec the fabric of the physiography. This is included as a 1:250,000 scale poster in the maps section. The exterior grid (in km) is modified from that
of the original UTM Grid Zone Designation 36S by the subtraction of 500 km from the casting (x coordinate) and 3,800 km from the northing
(y coordinate).
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Figure 15.3. Colored hypsometric map of Cyprus. A seventy-two color palette indicates the height intervals every 20 m. The four geological zones of
Cyprus are evident: The elevated Kyrenia Terane along the northern coast; the elevated Troodos (Ophiolite) Terrane with 1951 m high Mount
Olympus in the southern part; the horseshoe shaped circum-Troodos sedimentrary succession wrapping around the Troodos on the east; and
the smaller isolated Mamonia Terrane in the southwest. UTM projection, scale 1:1,000,000. The exterior grid (in km) is modified from that of

the original UTM Grid Zone Designation 36S by the subtraction of 500 km from the easting (x coordinate) and 3,800 km from the northing (y
coordinate).
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Figure 15.4. Hypsometric curve or hypsometric integral for the new 25
m grid DTM of the island of Cyprus. Maximum height of the island
is 1951 m at Mount Olympus. Volume calculations indicate that the
average height of a tabular island would be 335 m.

Royal Geographical Society (1983) Atlas, and the 9,250 km? of
the more recent George Philip’s (1996) Atlas, but some 250 km?
greater than the 8,995 km? given in the Hammond (1994) Odyssey
Atlas of the World.

INTRODUCTION - THE MARINE DTM

As part of an active program to map their colonial areas, the
British Admiralty Hydrographic Department maintained survey
vessels that worked in the Mediterranean Sea, off West Africa, and
in the Arabian Sea and the Persian Gulf in the 1930s (Ritchie, 1994,
1995; Morris, 1995). In the winter months HMS Ormmonde would
carry out surveys in the Red Sea and Indian Ocean, and then move
to the cooler Mediterranean in the summer months for surveys of
Cyprus. HMS Endeavour divided her time between surveys in
West Africa and along the coasts of Mandatory Palestine (Morris,
1995).

THE EARLY HYDROGRAPHIC VESSELS

At present, much of the information on the charts around
Cyprus is derived from surveys carried out over long months by
a small flotilla of specialized hydrographic vessels or warships
pressed into hydrographic service. A brief randown of the vessels
whose survey data have been used in this compilation is given here,
in order of launch date. The vessels are shown in Figure 15.5.

HMS Endeavour was built by Fairfields, Govan, in 1912.

J. K. Hall

Her displacement was 1280 tons, maximum speed was 13 kis
and dimensions were 241 by 34 by 11.25 ft. She was a purpose
built surveying ship with a handsome yacht-like profile. She was
well equipped, but with only one screw, her manoeuverability was
limited. She was reduced to an accomodation hulk in 1943, afte;
carrying out the surveys of the Israeli port of Elat in the Gulf o:
Agaba/Elat in possible preparation of an alternative supply por
should Egypt by occupied by Rommel’s Africa Corps. HMS
Endeavour never actually surveyed Cyprus, but is included here
because of her extensive work off the Nile Delta in Egypt and of
Mandatory Palestine.

HMS Ormonde was one of the 24 patrol sloops of the so-
called ‘24’ or ‘Racehorse’ class, na Company in 1918, convertec
for surveying in 1923, and used until 1936. She displaced 132(
tons, had a maximum speed of 17 kts, and was 276.5 by 35 by 1z
feet.

HMS Challenger, named after a very famous predecessor, wa:
a surveying ship built at Chatham Dockyard. She was launched ]
June 1931 and used until 1953. Her displacement was 1140 tons
and dimensions were 220 by 36 by 12.5 ft.

HMS Dalrymple was a Bay Class frigate, built by Pickersgill
She was originally christened the Loch Class, and then renamed th¢
Luce Bay. Launched on April 12 1945, she displaced 1600 tons, hac
a maximum speed of 18 kts, and was 307.33 by 38.5 by 12.75 ft
HMS Dalrymple was outfitted for surveying in 1947, and workec
until 1965, when she became the Portuguese ship Afonso d
Albequerque. She was named after Alexander Dalrymple, the Sco
(1737-1808) who outfitted the HMS Endeavour for the expeditior
of Capt. James Cook, and was later the first Hydrographer of the
Royal Navy in 1795.

HMS Owen is a sister ship of HMS Dalrymple. She wa:
built by Hall Russell in Aberdeen. Originally named the Loct
Muick, then the Thurso Bay, she was launched 19 October 1945
and outfitted for surveying in 1949. She carried out hydrographic
surveys until 1965, and was scrapped in 1970.

HMS Walkerton, pennant M 1188, was a Coniston-Ton Clas:
minesweeper, launched by Thornycroft on 21 November 1956. He;
displacement was 425 tons, and dimensions 152 by 28 by 8 ft. It
January 1970 she was converted for duties with the Royal Navy
College in Dartmouth.

HMS Herald, an improved Hecla Class Ocean Survey Ship
pennant H138, was built by Robb Caledon, Leith. Launched or
4 October 1973, she was in service until her decommissioning i
May 2001. Her dimensions were 250 by 60 by 16 fi, with 270(
tons displacement and 14 kts maximum speed. Interestingly, HMS

=

Figure 15.5. Photographs of the British Admiralty Hydrographic Department (BAHD - now UKHO) survey vessels that carried out the hydrographic
surveys around the island of Cyprus. a) HMS Endeavour, the surveying workhorse of the Nile Delta and Mandatory Palestine, shown here it
Grand Harbour, Maita, circa 1934 (from Ritchie, 1994); b) HMS Ormonde in her World War I camouflage (photo courtesy of Blyth Ship Building
Company); c) HMS Challenger (photo from IOC, 2003); d) HMS Dalrymple; €) HMS Owen in a photo supplied by Carl Procter; fy HMS Walkerton

g) HMS Herald; h) HMS Trafalgar.
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Herald’s last deployment was for additional coastal surveys in
Cyprus and an official visit to Beirut,

HMS Trafalgar was a Battle Class destroyer, pennant D-
77. Built by Swan Hunter in Walsend, she was laid out in 1943,
jaunched in 1944, and commissioned July 23, 1945. She was
deployed in the Mediterranean in 1960-61. Displacement was 2325
tons, and dimensions 379 by 40.25 by 17.5 ft.

INSHORE HYDROGRAPHIC SURVEYS 1930-1937; 1948-
1954; 1960-1963.

A series of systematic surveys around Cyprus began in
the summer of 1930 when HMS Ormonde made hydrographic
survey fairsheets at scales of 1:10,000 to 1:50,000. These were
interrupted for more than a decade by the advent of World War
Il and its aftermath. After the war, HMS Challenger and HMS
Owen continued the work, and then following another break likely
occasioned by the Suez crisis in 1956, HMS Owen and HMS
Dalrymple completed the mapping. The references for the more
than 30 surveys and deeper water circum-navigations by other
survey vessels are given in a separate reference section below,
together with the number of soundings and annotations recovered.
Figure 15.6 shows one such fairsheet for the area around Cape
Armauti, the northwestward protrusion of Cyprus extending from
Pomos Point in the northeast to Paphos Point in the south.

From the 1930s to the 1960s hydrographic surveying
progressed from primarily wire soundings with a steam-powered
sounding engine, to acoustic echo-soundings calibrated by ‘bar
checks’. These consisted of lowering a target plate to fixed depths
below the sounder and noting the depth indication, an effective
way to empirically calibrate the sounder without knowing the
exact speed of sound in the seawater. Navigation also steadily
improved, from the determination of the sounding’s location by
use of ship based horizontal sextant angle observations of three or
more landmarks on shore, or shore-based theodolites, to electronic
distance or phase-measuring systems which allowed location
relative to elaborate grids. '

The layout of the survey lines was primarily controlled by
concerns about SOLAS (Safety Of Life At Sea), which meant
delineating the underwater features that a prudent navigator must
avoid. As the soundings showed the bottom becoming more
complex, then the line spacing was halved, until the hydrographers
were assured that all the minimum depths had been measured.
Samples of the seafloor were also obtained at numerous places

to give some indication of the anchor holding capability of the
bottom.

&
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Soundings were generally reduced to some small value below
the level of Mean Low Water Spring, and referenced to some fixed
point on a nearby customs house, harbor quay, or other presumably
stable structure (many of which are probably not in existence
today). -

DIGITIZATION OF THE FAIRSHEETS

Copies of the fairsheets, listed in the references below, were
obtained in the early 1990s from the United Kingdom Hydrographic
Office (UKHO) in Taunton, for the purposes of the new IBCM-II
compilation in the former ‘British Zone of Responsibility’. This
was accomplished through the assistance of Brian Harper and
Desmond P. D. Scott, both very active in IBCM and GEBCO, and
both formerly with the UKHO.

The soundings were then digitized by scanning the fairsheets,
breaking the raster scan files into a matrix of low resolution
PC screens, and then using a 16 button digitizer to digitize the
soundings on every screen. The digitization was checked for every
such screen by immediately fitting a surface to the data points and
displaying an isometric 3-D fishnet diagram of the bottom.

The raster file pixel coordinates of the soundings were then
converted to actual geographic coordinates via a transformation
based upon the digitized map graticule. This transformation
was specifically designed for this purpose, and combines finite
difference techniques with a rubber-sheeting factor (Doytscher and
Hall, 1997). The methods are described in fuller detail in Chapter
16. The digitization was done by the author, and most soundings
should be well within 2-3 pixels of their original hand-plotted
position. At 1:10,000 scale this is within 2 m on the ground, and
about 10 m at 1:50,000.

A total of about 183,000 soundings were digitized, together
with additional attributes such as bottom type, obstructions,
wrecks, and foul areas. Figure 15.7 shows the distribution of these
soundings around the island of Cyprus.

THE DEEPER OFFSHORE

The deeper waters are comparatively poorly sounded. For the
purposes of this compilation, the 50 m contours of the bathymetric
chart of the Eastern Mediterranean (Hall, 1980, 1981, 1994) were
digitized using Able Software Corporation’s R2V for Windows.
A 300 dpi color scan of the 1:625,000 scale chart was converted
to grayscale, and the contours digitized interactively. The contour
vectors were then output as a generic .GEN file with coordinates in
scan pixels. The coordinates of the 1 degree chart graticule were put
into the .GSC (Geographic Scan Calibration) format (Doytscher

Figure 15.6. Reproduction of the E-8226-1 fairsheet for Pomos Point to Paphos Point (BAHD, 1948). This fairsheet was surveyed by Capt. R. M.
Southern, R.N., and the officers of H. M. Surveying Ship “Challenger” in May and June 1947. Bears Hydrographic Department stamp dated 14
January 1948, Includes an inset map of Fontana Amorosa from June 1947 at scale 1:1250. Soundings in fathoms (fathoms and feet in less than 11
fathoms). Mercator projection at natural scale 1:50,060, 1 sheet. BCM Code PT, 9,023 soundings and 203 attributes digitized. The map states that
the soundings are “reduced to 8.1 feet below a a cut on the south comer of the Customs House at Latzi, or approximately 1 foot below M.L.W.S.”
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Figure 15.7. Plot of the 183,000 soundings around Cyprus overlaid on the 1:500,000 scale Tactical Piloting Chart (U. K. Ministry of Defence, 1975).
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Figure 15.8. Color plot of Cyprus within its continental shelf and the surrounding deep water bathymetry. Coordinates are in degrees latitude and longitude.
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and Hall, 1997) and then used to convert the vectors to x,y,z triads in
latitude, longitude and depth (i.e. negative elevation). These triads
were merged with the land elevations every 0.5’ from the USGS
GTOPO30 dataset, and then interpolated to a 0.25’ and 0.5 grid.
A simple TIN (Triangular Irregular Network) scheme was used
within Golden Software Incorporated’s Surfer 8%. The resulting
colored shaded relief image, also rendered from Surfer 8%, can be
seen in the Introductory Remarks to Part Il of the book.

CONSTRUCTION OF THE DTM (Figure 15.8)

The DTM for the land was originally in UTM coordinates.
These were converted to geographic coordinates, and then
a Triangular Irregular Network (TIN) interpolation performed to
obtain a 0.1” (<185.2 m) grid. Due to datum differences between
the land mapping and the hydrographic surveys, a shift of 50 m in
easting and 500 m in northing was introduced based on fit of the
hydrographic data to the land shoreline. The land DTM was then
clipped at sea level within the Surfer 8 program, and merged with
a TIN interpolation of the hydrographic surveys. These two were
then clipped at the maximum extent of the hydrographic surveys,
and again merged with a TIN of the digitized 50 m contours from
the Bathymetric Chart of the Eastern Mediterranean at 1:625,000
scale (Hall, 1994, Fig. 1.13 and Plate 1).
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LISTING OF BAHD-UKHO CYPRUS FAIRSHEETS AND CHARTS

British Admiralty Hydrographic Department, 1930. Chart E32.72 - Mediterranean
R - East Coast — Famagusta Harbour. Hydrographic fairsheet surveyed
by Cdr. A. G. N. Wyatt, RN, and the Qﬂicgts of H. M. Survexing. Ship
«Ormonde” in June and July 1930. Soundings in feet. Mercator projection at
natural scale 1:10,000, 1 sheet. IBCM Code FH, 7,647 soundings and 128
attributes digitized. )

British Admiralty Hydrographic Department, 1931. Chart E338§ - Medlterranw.n
- Cyprus - East Coast — Famagusta Bay — Southem Portion. Hydrographic
fairsheet surveyed by Cdr. A. G. N. Wyatt, RN, and the officers of H. M.
Surveying Ship “Ormonde” in 1930-1931. Soundings in fathoms and feet (in
less than 11 fathoms). Mercator projection at natural scale 1:24,540, 1 sheet.
[BCM Code FB, 11,901 soundings and 221 attributes digitized.

British Admiralty Hydrographic Department, 1933. Chart E3582 - Mediterranean
- Cyprus - East Coast - Approaches to Famagusta. Hydrographic fairsheet
surveyed by Cdr. A. G. N. Wyatt, RN, and the officers of H. M. Surveying
Ship “Ormonde” in May-June 1931. Bears Hydrographic Department stamp
November 25, 1933. Returned from HMS Ommonde with additional work
to 1933. Includes an inset map of Boghaz Trading Station at scale 1:1200.
Soundings in fathoms and feet (in less than 11 fathoms). Mercator projection
at natural scale 1:50,100, 1 sheet. IBCM Code FM, 12,023 soundings and 365
attributes digitized.

British Admiralty Hydrographic Department, 1934. Chart E4469 - Mediterranean
- Cyprus - North Coast - Karavostasi. Hydrographic fairsheet surveyed by Cdr.
A. Day, RN, and the officers of H. M. Surveying Ship “Ormonde” in June
and July 1934. Bears illegible Hydrographic Department stamp. Soundings
in fathoms (fathoms and feet in less than 11 fathoms). Mercator projection
at natural scale 1:24,580, 1 sheet. IBCM Code K, 5,571 soundings and 97
attributes digitized.

British Admiralty Hydrographic Department, 1935. Chart E4465 - Cyprus - South
Coast - Approaches to Larnaca. Hydrographic fairsheet for bathymetric
survey carried out by H. M. Surveying Ship “Ormonde” under the command
of Cdr. A. Day R.N. from July to October 1934. Mercator projection at a
scale of 1:49,930, soundings in fathoms, 1 sheet. IBCM Code LN, 12,900
soundings and 266 attributes digitized.

British Admiralty Hydrographic Department, 1934. Chart E4466 - Mediterranean

- Cyprus - South Coast — Larnaca. Hydrographic fairsheet surveyed by Cdr.
A. Day, RN, and the officers of H. M. Surveying Ship “Ormonde” in July to
September 1934. Bears Hydrographic Department stamp dated 26 April 1934.
Soundings in fathoms (fathoms and feet in less than 11 fathoms). Mercator
projection at natural scale 1:25,030, 1 sheet. IBCM Code LA, 9,015 soundings
and 161 attributes digitized.

British Admiralty Hydrographic Department, 1934. Chart E4295 - Cyprus -
Dhekelia. Hydrographic fairsheet surveyed by Cdr. A. Day, RN, H. M.
Surveying Ship “Ormonde” in 1934. Bears Hydrographic Department stamp
September 21, 1934. Soundings in fathoms and feet (in less than 11 fathoms).
Mercator projection at natural scale 1:25,000, 1 sheet. IBCM Code DK, 1,663
soundings and 91 attributes digitized.

British Admiralty Hydrographic Department, 1935. Chart E4468 - Mediterranean
- Cyprus - North Coast - Kyrenia. Hydrographic fairsheet surveyed by Cdr.
A. Day, RN, and the officers of H. M. Surveying Ship “Ormonde” in May
and June 1934. Bears Hydrographic Department stamp dated 26 April 1935.
Soundings in fathomns and feet (in less than 11 fathoms). Mercator projection
at natural scale 1:12,500, 1 sheet. IBCM Code KQ, 3,362 soundings and 73
attributes digitized.

British Admiralty Hydrographic Department, 1935. Chart E4879 - Mediterranean
- Cyprus - South Coast — Paphos. Hydrographic fairsheet surveyed by Cdr.
A. Day, R. N,, and the officers of H. M. Surveying Ship “Ormonde” in April
and May 1935. Bears illegible Hydrographic Department stamp. Soundings
in fathoms (fathoms and feet in less than 11 fathoms). Mercator projection
at natural scale 1:12,550, 1 sheet. IBCM Code OS, 2,404 soundings and 44

__ attributes digitized.

British Admiralty Hydrographic Department, 1935. Chart E4877 - Mediterrancan
- Cyprus - South Coast - Limassol. Hydrographic fairsheet surveyed by Cdr.
A. Day, RN, and the officers of H. M. Surveying Ship “Ormonde” in June
and July 1935. Bears illegible Hydrographic Department stamp. Soundings

in fathoms and feet (in less than 11 fathoms). Mercator projection at natural
scale 1:25,100, 1 sheet. IBCM Code LM, 5,944 soundings and 84 attributes
digitized. B

British Admiralty Hydrographic Department, 1935. Chart E4878 - Mediterranéan
- Cyprus - South Coast - Approaches to Limassol. Hydrographic fairsheet
surveyed by Cdr. A. Day, RN, and the officers of H. M. Surveyirig Ship
“Ormonde” in June and July 1935. Bears illegible Hydrographic Department
stamp. Soundings in fathoms and feet (in less than 11 fathoms). Mercator
projection at natural scale 1:50,190, 1 sheet. IBCM Code LL, 8,538 soundings
and 121 atiributes digitized.

British Admiralty Hydrographic Department, 1935. Chart E4465 - Mediterranean
- Cyprus - South Coast - Approaches to Lamaca. Hydrographic fairsheet
surveyed by Cdr. A. Day, RN, and the officers of H. M. Surveying Ship
“Ommonde” in July to October 1934. Bears Hydrographic Department stamp
May? 25, 1935. Soundings in fathoms and feet (in less than 11 fathoms).
Mercator projection at natural scale 1:49,930, 1 sheet. IBCM Code LN, 12,900
soundings and 266 attributes digitized.

British Admiralty Hydrographic Department, 1937. Chart E4876 - Mediterranean
- Cyprus - North Coast — Cap Kommakiti to Vavilas Point. Hydrographic
fairsheet surveyed by Cdr. A. Day, R.N,, and the officers of H. M. Surveying
Ship “Ormonde” in August 1935. Bears Hydrographic Department stamp
Illegible, 1937. Soundings in fathoms and feet (in less than 11 fathoms).
Mercator projection at natural scale 1:50,320, 1 sheet. IBCM Code VP, 4,329
soundings and 79 attributes digitized.

British Admiralty Hydrographic Department, 1937. Chart E4880 - Mediterranean
- Cyprus - South Coast - Approaches to Paphos. Hydrographic fairsheet
surveyed by Cdr. A. Day, R.N., and the officers of H. M. Surveying Ship
“Ormonde” in April and May 1935. Bears Hydrographic Department stamp
dated 31 April 1937. Soundings in fathoms and feet (in less than 11 fathoms).
Mercator projection at natural scale 1:50,060, 1 sheet. IBCM Code AP, 7,510
soundings and 106 attributes digitized.

British Admiralty Hydrographic Department, 1948. Chart E8226 - Mediterranean
"- Cyprus - North West Coast — Pomos Point to Paphos Point. Hydrographic
fairsheet surveyed by Capt. R. M. Southern, R.N., and the officers of H. M.
Surveying Ship “Challenger” in May and June 1947. Bears Hydrographic
Department stamp dated 14 January 1948. Includes an inset map of Fontana
Amorosa from June 1947 at scale 1:1250. Soundings in fathoms (fathoms and
feet in less than 11 fathoms). Mercator projection at natural scale 1:50,060, 1
sheet. IBCM Code PT, 9,023 soundings and 203 attributes digitized.

British Admiralty Hydrographic Department, 1948. Chart E8393 - Cyprus - North
Coast — Pomos Point to Cape Limniti. Hydrographic fairsheet surveyed
by Capt. R. M. Southern, R.N., and the officers of H. M. Surveying Ship
“Challenger” in May 1948. Bears Hydrographic Department stamp November
17, 1948. Soundings in fathoms and feet (in less than 11 fathoms). Mercator
projection at natural scale 1:50,000, 1 sheet. IBCM Code CL, 1,574 soundings
and 33 attributes digitized.

British Admiralty Hydrographic Department, 1950. Chart E8806 - Mediterranean -
Cyprus - North Coast — Vavilas Point to Phourni Rock. Hydrographic fairsheet
surveyed by Capt. H. Menzies, R.N,, and the officers of H. M. Surveying
Ship “Owen” in June-July 1950. Bears Hydrographic Department stamp
November 24, 1950. .Soundings in fathoms and feet (in less than 11 fathoms).
Mercator projection at natural scale 1:50,080, 1 sheet. IBCM Code VYV, 10,908
soundings and 26 attributes digitized.

British Admiralty Hydrographic Department, 1953. Chart E8805-1 - Mediterranean
- Cyprus - North Coast — Morphou Bay. Hydrographic fairsheet surveyed by
Capt. H. Menzies, R.N., and the officers of H. M. Surveying Ship “Owen”
in May and June 1953. Bears Hydrographic Department stamp November
24, 1953. Soundings in fathoms and feet (in less than 11 fathoms). Mercator
projection at natural scale 1:50,080, 1 sheet. IBCM Code MU, 5,229 soundings
and 85 attributes digitized.

British Admiralty Hydrographic Department, 1953. Chart E8805-2 - Mediterranean -
Cyprus - North Coast — Morphou Bay. Hydrographic fairsheet surveyed by the
officers of H. M. Surveying Ship “Owen” in May 1953. Bears Hydrographic
Department stamp October 9, 1953. Soundings in fathoms and feet (in less
than 11 fathoms). Mercator projection at natural scale 1:50,000, 1 sheet. IBCM
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Code MY, 359 soundings and 2 attributes digitized.

British Admiralty Hydrographic Department, 1953. Chart E9466 - Mediterranean -
Cyprus - North Coast — Phourni Rock to Cape Plakoti. Hydrographic fairsheet
surveyed by Cdr. C. R. K. Roe, RN, and the officers of H. M. Surveying Ship
“Owen” in May and June 1953. Soundings in fathoms and feet (in less than 11
fathoms). Mercator projection at natural scale 1:48,000, 1 sheet. IBCM Code
PH, 6,736 soundings and 73 attributes digitized.

British Admiralty Hydrographic Department, 1953. Chart E9467 - Mediterranean
- Cyprus - North Coast — Akanthou Trading Station. Hydrographic fairsheet
surveyed by Lt.Cdr. J. S. N. Pryor, R.N., and the officers of H. M. Surveying
Ship “Owen” in May 1953. Bears Hydrographic Department stamp July 22,
1953. Soundings in fathoms and feet (in less than 11 fathoms). Mercator
projection at natural scale 1:12,000, 1 sheet. [BCM Code AH, 2,231 soundings
and 10 attributes digitized.

British Admiralty Hydrographic Department, 1953. Chart E9468 - Mediterranean
- Cyprus - North Coast — Galounia Trading Station. Hydrographic fairsheet
surveyed by Cdr. C. R. K. Roe, R.N,, and the officers of H. M. Surveying
Ship “Owen” in 1953. Bears Hydrographic Department stamp July 22, 1953.
Soundings in fathoms and feet (in less than 11 fathoms). Mercator projection
at natural scale 1:12,000, 1 sheet. IBCM Code GN, 2,599 soundings and 11
attributes digitized.

British Admiralty Hydrographic Department, 1954. Chart E9769 - Mediterranean -
Cyprus - North Coast — Cape Plakoti to Exarchos Bay. Hydrographic fairsheet
surveyed by Lt.Cdr. H. R. Hatfield, R.N., and the officers of H. M. Surveying
Ship “Owen” in May-June 1954. Bears Hydrographic Department stamp
dated 15 December 1954. Soundings in fathoms (fathoms and feet in less than
11 fathoms). Mercator projection at natural scale 1:48,000, 1 sheet. BCM
Code EX, 6,620 soundings and 133 attributes digitized.

British Admiralty Hydrographic Department, 1954. Chart E9678 - Cyprus — Cape
Andreas. Hydrographic fairsheet surveyed by H. M. Surveying Ship “Owen”
on 17 June 1954. Bears Hydrographic Department stamp dated 15 July 1954.
Soundings in fathoms. Mercator projection at natural scale 1:48,000, 1 sheet.
IBCM Code CD, 275 soundings digitized.

British Admiralty Hydrographic Department, 1959. Chart K2229 - Cyprus - North

East Coast - Track south of Cape Andreas. Sounding line carried out by H. M.
Ship “Walkerton”. Mercator projection at a scale of 1:100,000, soundings in
fathoms to sounder’s limit of 60 fm, 1 sheet. IBCM Code CF.

British Admiralty Hydrographic Department, 1959. Chart K2229. Sounding lines
carried out from H.M.S. Walkerton from 26th December 1958 to 22nd January

1959 by Lt. N.D.(N) 1. B. James R.A.N. plotted on Chart 796 (1956) of Cyprus
- North East Coast - Stazouza Point to Cape Eloea. Mercator projection at a
scale of 1:100,000, soundings in fathoms, 1 sheet. IBCM Code CE.

British Admiralty Hydrographic Department, 1959. Chart K2233. Sounding lines
carried out from H.M.S. Walkerton(?) plotted on Chart 796 (1956) of Cyprus

- North East Coast - Stazouza Point to Cape Elcea. Mercator projection at a
scale of 1:100,000, soundings in fathoms, 1 sheet. IBCM Code CC.

British Admiralty Hydrographic Department, 1960. Chart K2597 - Mediterranean
- Cyprus — Cape Andreas. Hydrographic chart overlay of track soundings by
HM.S. “Trafalgar” in 1960. Bears Hydrographic Department stamp dated
15 June 1960. Soundings in fathoms. Mercator projection at natural scale
~1:100,000, 1 sheet. IBCM Code CB, 98 soundings digitized.

British Admiralty Hydrographic Department, 1961. Chart K3141/1— Mediterranean
Sea — Cyprus — West Coast — Cape Limniti to Cape Aspro. Hydrographic
chart overlay on UKHD Chart 775 with transit soundings of H. M. Surveying
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Ship “Owen” on 27%-28" October 1961. Bears Hydrographic Department
stamp dated 1 December 1961. Soundings in fathoms. Mercator projection
1:100,000, 1 sheet. IBCM Code CN.

British Admiralty Hydrographic Department, 1961. Chart K3141/2 — Mediterranean
Sea — Cyprus. Hydrographic chart overlay on UKHD Chart 2074 with transit
soundings of H. M. Surveying Ship “Owen” on 27%-28" October 1961.
Bears Hydrographic Department stamp dated 1 December 1961. Soundings
in fathoms. Mercator projection 1:300,000, 1 sheet. IBCM Code CL, 948
soundings and 55 attributes digitized.

British Admiraity Hydrographic Department, 1961. Chart K3141/3 — Mediterranean
Sea - Cyprus — South East Coast — Stazousa Point to Cape Elcea. Hydrographic
chart overlay on UKHD Chart 796 with transit soundings of H. M. Surveying
Ship “Owen” on 27* and 28" October 1961. Bears Hydrographic Department
stamp dated 1 December 1961. Soundings in fathoms. Mercator projection
1:100,000, 1 sheet. IBCM Code CO, 529 soundings and 34 attributes
digitized.

British Admiralty Hydrographic Department, 1961. Chart K3141/4 — Cyprus
— South East Coat — Cape Kiti to Cape Elea. Hydrographic chart overlay on
UKHD Chart 851 with transit soundings of H. M. Surveying Ship “Owen” on
28" October 1961. Bears Hydrographic Department stamp dated 1 December
1961. Soundings in fathoms. Mercator projection 1:100,000, 1 sheet. IBCM
Code KE, 294 soundings and 33 attributes digitized.

British Admiraity Hydrographic Department, 1962. Chart K3478 - Mediterranean
- Cyprus - Cape Andreas. Hydrographic fairsheet surveyed by Cdr. H. R.
Hatfield, RN, and the officers of H. M. Surveying Ship “Dalrymple” on 28*
March to 14" May 1962. Bears illegible Hydrographic Department stamp.
Soundings in fathoms (fathoms and feet in less than 11 fathoms). Mercator
projection at natural scale 1:48,000, 1 sheet. IBCM Code CP, 12,997 soundings
and 201 attributes digitized.

British Admiralty Hydrographic Department, 1963. Chart K3734 - Mediterranean
- Cyprus — Melissakros Point to Cape Eleea. Hydrographic fairsheet surveyed
by Cdr. H. R. Hatfield, R.N,, and the officers of H. M. Surveying Ship
“Dalrymple” on 15" April to 10* May 1963. Soundings in fathoms (fathoms
and feet in less than 11 fathoms). Mercator projection at natural scale 1:48,000,
1 sheet. IBCM Code MP, 9,135 soundings and 89 attributes digitized.

British Admiralty Hydrographic Department, 1989. Chart M1325 - Cyprus —
Akrotiri Bay. Hydrographic fairsheet surveyed by Cdr. R. A. Cotton, R.N,,
and the officers of H. M. Surveying Ship “Herald” on 12 to 16* March 1989.
Bears Hydrographic Department stamp April 11, 1989. Soundings in meters
(and meters and decimeters under 31 m). UTM projection, Zone 36, European
Datum (1950), at scale 1:10,000, 1 sheet. IBCM Code KB, 1,759 soundings
digitized.

U. K. Hydrographic Office, 1992. Chart 775 markup. Cyprus - West Coast - Cape
Limniti to Cape Aspro. Mercator projection at a scale of 1:100,000, depths in
meters, 1 sheet. IBCM Code WC.

U. K. Hydrographic Office, 1992. Chart 776 markup. Cyprus - North Coast - Cape
Limniti to Stazousa Point. Mercator projection at a scale of 1:100,000, depths
in meters, 1 sheet. IBCM Code NW.

U. K. Hydrographic Office, 1992. Chart 850 markup. Cyprus - South Coast - Cape
Aspro to Cape Pyla. Mercator projection at a scale of 1:100,000, depths in
meters, 1 sheet. IBCM Code CS.

U. K. Hydrographic Office, 1993. Chart 851 markup. Cyprus - South East Coast
- Cape Kiti to Cape Elaea. Mercator projection at a scale of 1:100,000, depths
in meters, 1 sheet. IBCM Code SQ.



Chapter 16

Bathymetry and Topography of the Syria-Leba_non

Continental Margin

John K. Hall

Geological Survey of Israel, Marine Geology, Mapping & Tectonics Division, 30 Malchei Israel Street, Jerusalem 95501, Israel

INTRODUCTION

Up until late in 2003 the Syria-Lebanese continental margin
was probably the least surveyed margin in the Mediterranean
Sea. It is among the narrowest, most likely reflecting its origins
in the shearing of the adjacent landmass. Because it lies off the
mountainous chains of the Lebanon and Anti-Lebanon, it is deeply
incised by submarine canyons, many apparently controlled by the
extensions of onshore faults. A careful mapping of this margin
will probably hold the key to a number of questions related to
the structure of the Dead Sea Transform in Lebanon and Syria.
In the south, difficulties in modeling the bend in the transform’s
Yammouneh Fault segment in Lebanon have led to ideas
concerning a possible branching-off Roum Fault which presumably
heads offshore, northward from the Beirut headland (Butler et al.,
1997; Khair, 2001). Farther north, the details of the West Tartus
Ridge (Hall et al., 1994), which constitutes the SSW-trending end
of the Hecataetus-Latakia structural lincament of Kempler (1994),
is similarly little understood. Off northern Syria the Heraclitus
Seamount (Hall et al., 1994), rising some 300400 m above the
Latakia Basin, is based upon very little data.

In this chapter the physical relief data presently available for
this coastal segment will be described both offshore and onshore.
The analysis of this historical data is far from complete, and at the
time of writing the big changes that have taken place may render
them obsolete. These seminal events consist of the French swath
mapping program in the offshore with the N/O Le Suroit, which
took place in October-November 2003, and the recent release of
the more detailed land topography from the 2000 space shuttle
Endeavour radar mapping mission (SRTM — see below).

What has been done to date will be presented, and a
prescription given for a more detailed analysis of whatever older
data may complement these new findings.

HYDROGRAPHIC DATA SOURCES

First Hydrographic Survey - HMS Firefly 1859-1861

_ The earliest reconnaissance survey appears to be that of HMS
Firefly in 1859-61. She was a steam paddlewheel sloop/gunvessel,
launched in 1832, with 5 guns and 677 ton displacement. She was
one f)f six survey vessels acquired in 1841 in a burst of activity
within the Hydrographic Department of the Admiralty (Morris,

1995). Despite cutbacks in surveys of local waters, the British
continued foreign surveys in the service of defence and trade, and
the officers of HMS Firefly surveyed over 300 km of coast from
southern Lebanon to southemn Turkey and from depths of a few
fathoms to well beyond the shelf-break.

The thousands of soundings from the 1860-1861 HMS Firefly
surveys were presented on a series of five fairsheets (BAHO, 1861-
62), one of which is reproduced in Fig. 16.1. For the most part these
soundings still appear on the modern navigational charts for the
Syrian and Lebanese coasts.

Lebanese Fisherman’s Sediment Charts

Two sediment maps for fisherman were published by the
Ministry of Agriculture in Lebanon (Boulos, 1962a, b). They show
representative soundings in meters which are sparse in comparison
with those of the 1859-61 survey, and which possibly may include
a sampling of the original soundings in fathoms converted to
meters.

French and Oil Pipeline Support Surveys

The ‘modern’ American and British charts refer to French
hydrographic surveys carried out in 1921 for Jazirat Arwad (Tartus)
in Syria and Saida (Sidon) in Lebanon.

In the 1940s the Trans-Arabian Pipeline (Tapline) was laid
down to bring up to 500,000 bbl/d of Saudi oil to Haifa via Jordan.
Following the establishment of Israel in 1948, the Tapline was
diverted to Sidon in Lebanon (Feld, 2002a). To support the new oil
terminal, surveys were carried out by Kelvin & Hughes (Marine)
Ltd. in 1950 and 1961 (BAHO, 1951, 1952). The author tried to
find some of these original survey records in London, but leamed
that they had been destroyed in a warehouse fire. Qil exports via
the Tapline ceased in 1975 for economic reasons, coupled with
the turmoil of the Lebanese civil war; the Lebanese portion of the
Tapline was closed altogether in 1983.

In Banias, Syria, the Iraq Petroleum Company (IPC) carried
out a hydrographic survey in 1950 (BAHD, 1952) of the terminus
built for the IPC pipeline bringing oil from the Kirkuk oil fields in
northemn Iraq. This pipeline was closed in 1982 following a break
in diplomatic ties, and suffered severe damage in the Gulf War in
1991. The pipeline was reopened in March 2000 (Feld, 2002b).
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Fig. 16.1. Reproduction of the first systematic survey of the coast of Lebanon and Syria by HMS Firefly in 1861 (BAHO, 1861). The data from this survey and
Chart D5608 - Coast of Syria - Sheet Il - Markab to Ras En-Nakura still provide many of the offshore soundings for the modem nautical navigational charts for

the area. A sketch of the HMS Firefly from the archives of the UKHO is inset. Reproduced with permission, courtesy of the United Kingdom Hydrographic Office,
Taunton, UK.
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Modern Reconnaissance Geophysical Surveys

In 1961 the NATO research vessel R/V Aragonese carried out
a survey of the eastern half of the Mediterranean, which was the
basis of the physiographic subdivision of the eastern basins (Emery
et al., 1966). Bathymetry, magnetics, and gravity were measured
continuously over an extensive grid. The echo-sounding records
proved to be excellent for observing the physiography, but were
not used for bathymetric compilations at the time because the
Loran-C navigation was not considered to be sufficiently accurate.
The author spent more than a decade trying to locate the original
records in order to digitize them. They were finally located in a
remote storage hut behind the labs at the NATO SACLANT Centre
in La Spezia. Digitization of the records yielded over 120,000
‘significant soundings’ taken at changes in bottom slope.

In 1961, 1964, and 1966, Beirut was a port of call for three
cruises of the research vessel R/V Chain of the Woods Hole
Oceanographic Institution (WHOI - Woods Hole, MA, USA).
Chain Cruise 21, one of the first trials of a sparker for continuous
seismic profiling, made sounding lines in and out of Beirut between
6 and 11 November 1961, during which she also rendezvoused
with the R/V Aragonese during its survey.

Between 11 and 19 June 1964, on its way home from the
International Indian Ocean Expedition, Chain Cruise 43 carried
out a brief reconnaisance survey off much of Lebanon. The seismic
reflection profiles and bathymetry formed the basis of the M.Sc.
thesis of D. H. Carlisle (1965). The survey consisted of two shore-
parallel profiles on the outer slope (1050 to 1550 m depth) north
of Beirut almost to Tarabulus, and about a dozen shore-parallel
to north-south profiles off Beirut and as far south as Tyre (Sour)
in depths of 200 to 1600 m. The navigation was primarily radar
fixes off coastal landmarks, and while significant errors occur,
the profiles did much to define the trend and magnitude of the
numerous offshore canyons.

In early October 1966 Chain Cruise 61 circum-navigated
Cyprus and from October 2-5 made seismic profiles off Lebanon
and Syria and out into the Levantine Basin.

All these WHOI soundings, in fathoms assuming a constant
800 fm/sec sound velocity, have been digitized from the track and
sounding reports, and are included in this compilation.

Farther offshore, a complementary survey at right angles
to that of the R/V Aragonese was carried out in 1968 over all
the eastern Mediterranean by the U. S. Naval Oceanographic
Office ship USNS Sgt. Curtis F. Shoup (T-AG-175). In the 1970s
sparse reconnaissance surveys were carried out in the easternmost
Mediterranean by Cambridge University with the RRS Discovery
and RRS Shackleton. Other inshore data was obtained by Tom
Goedicke (1972, 1977; Goedicke and Sagebiel, 1976) in surveys
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along the coast from a small yacht. Photos of some of these vessels
are shown in Fig. 16.2a-h.

Israeli Survey of Southern Lebanon - November 1982

Following the June 1982 Israeli invasion of southern Lebanon,
a marine geophysical survey was carmried out between Rosh
Haniqra and Beirut during the period 7-18 November 1982 (Hall
et al., 1983). The survey was a joint undertaking of the Geological
Survey of Israel, the Israel Oceanographic and Limnological
Research Ltd. (1.0.L.R.), and the Hydrographic Branch of the
Israeli Navy.

Fig. 16.3a shows a track map with the more than 2,000 km of
track that was surveyed during two cruise legs. The first leg during
7-12 November consisted of depth soundings and magnetics along
some 35 profiles oriented perpendicular to shore. The profiles
extended to depths of 1,500 m, and in accordance with the regional
morphology were about 30 km long in the south and 15 km in the
north. Six additional profiles were made in mid-depths parallel to
shore for the purpose of better delineating the submarine canyons.

For the first leg navigation was available from a computerized
Motorola Miniranger system using two shore-based radar
transponders to give continuous precision position data. Depth
soundings were made with a Gifft GDR-T-19 facsimile recorder
and transceiver driving an EDO 12 kHz transducer mounted at
a depth of 2.3 m on a leg hung outboard of the ship’s port side.
An ELAC (Model LAZ 17 Superior, Atair Type) sounder lent by
the Steinitz Marine Laboratory of the Hebrew University provided
data in very shallow water and acted as a backup when the Gifft
was inoperable. Approximately 25,000 significant soundings,
i.e. taken at changes in the bottom slope and therefore providing
the best approximation to the bottom profile when joined, were
digitized from the 19” paper records.

Until such time as multibeam work is carried out on the
shallow shelf and slope of southern Lebanon, these soundings from
the first week should have value of a reconnaissance nature.

Total field magnetic measurements were made with
a Geometrics G-801 Marine Magnetometer with Y4y (0.25 nT)
sensitivity. Simultaneous base station measurements were made
during the second leg at Tel Shikmona with a Geometrics G-855
Magnetometer. During the first leg the weather was quite stormy,
with waves reaching 4-5 m.

The second leg, during 14-18 November, was about 1,000
km in length. Bathymetry and magnetics were taken as before,
and continuous seismic reflection measurements were made with
a 300 in® airgun source, with the signals being received on a SECO
tapered array, conditioned on a Del Norte Model 502 Seismic
Amplifier, and recorded on an EPC Model 4100 19” graphic

>

Fig. 16.2. Photographs of most of the vessels involved in systematic surveys off the coasts of Syria, Lebanon and Israel. a) R/V Chain, of WHOI; b) R/V
Aragonese, NATO SACLANT Centre; ¢) NES Akademik Nikolaj Strakhov, Geological Institute, Russian Academy of Sciences; d) USNS Sgt.
Curtis F. Shoup, U. S. Naval Oceanographic Office; €) N/O Le Suroit, Ifremer; f) S/V Geolog Dmitriy Nalivkin, Fugro-Geoteam; g) M/V Bin Hai
511, GECO-PRAKLA; h) R/V Etziona, Israel Oceanographic & Limnological Research Ltd.
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Fig. 16.3. (a) Track map of the marine geophysical survey off southern Lebanon. Continuous depth and magnetic field observations were made on all the
lines, which total over 2,000 km. The lighter lines were navigated with a high precision Motorola Miniranger positioning system.
(b) Track map of the latest French multibeam surveys in the Mediterranean off Lebanon during October-November, 2003 (Campaign SHALIMAR)
and Syria (Campaign BLAC). The Ifremer ship N/O Suroit was used with its Kongsberg-Simrad EM-300 multibeam system.

recorder. Some 13% seismic profiles were made perpendicular to
shore. Most were about SO km in length but two were extended to
90 km. One shore-parallel profile was made.

The weather conditions for the second leg were ideal, so that
the seismic results were excellent. For this leg the Miniranger
system was unavailable. Navigation was therefore achieved by
deduced reckoning using gyrocompass and speed-log inputs to a
Magnavox MX-1105 Navigator, which was updated by periodic
single channel TRANSIT/NAVSAT satellite fixes and infrequent
Omega fixes. Radar fixing on prominent landmarks was used for
inshore navigation. Some 2,570 MX-1105 positions were logged.

A week after the survey the survey vessel returned to the
vicinity of Ras Beirut to check on shoal soundings marked on
the 1:25,000 scale UKHO Chart 1563 in seemingly deep waters
exceeding 1200 m. These soundings were all found to be erroneous,
most likely the result of echoes from the acoustic deep scattering

layer resulting from congregations of fish (probably lemon sharks,
prized for their livers — Dr. Shmuel Pisanty, pers. comm. 1983).

NES Akademik Nikolaj Strakhov Cruise 10

In March-June 1990, the vessel NES Akademik Nikolaj
Strakhov of the Geological Institute of the USSR Academy of
Sciences carried out the second of two cruises to study the Cyprean
Arc. The surveys were described in detail by Hall et al. (1994), and
the track is shown in Fig. 16.4. The equipment used is described in
Appendix B of this book.

Commercial Seismic Prospection Surveys

In the mid-1970s the first speculative commercial work was
done by GOEL/BEICIP/ROBERTSON (1975, 1976) with 7,400
km of seismic profiling in the eastern Mediterranean, which
included lines off the easternmost margins. Part of the bathymetric

>

Fig. 16.4. Track chart of the R/V Akademik Nikolaj Strakhov off Lebanon and Syria from Cruise 5 - May-July 1987 and Cruise 10, March-June 1990.
Mercator projection, tracks are annotated every hour, with day and month at the beginning of each line and every 6 hours. Adapted from the

frontispiece of Krashenninikov and Hall (1994).
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data for this work was obtained from Sefel Geophysical Ltd. in
Calgary. However many of the original echo-sounding records
were lost when the ship later sank following this survey.

Then, for a number of reasons, both political and economic,
nothing was done for nearly 20 years. In 1993, hints began
appearing of renewed marine seismic exploration activity within
the EEZ (Exclusive Economic Zone) of Lebanon. Geophysical
magazines carried reports (Anonymous, 1993, 1994) that GECO-
PRAKLA’s survey vessel M/V Bin-Hai 511 (Fig. 16.2g), in
association with the Lebanese Ministry of Industry and Petroleum,
had carried out a survey off northern Lebanon. The 500 km of 2D
marine seismic data from that survey would be used to promote
the interest of international oil companies in obtaining offshore
exploration licenses.

Jumping forward some 10 years, a recent advertisement
(Spectrum-Fugro, 2002) shows the relatively dense coverage
obtained off Lebanon in 1976 by the British Spectrum Energy
and Information Technology Ltd., and later surveys in partnership
with Fugro in 2000 and 2002. Over 5000 km of seismic data
were obtained off Lebanon. The advertisement also indicates
over 22,000 km available east of 30°E and north of 33°N, in the
Spectrum/Fugro East Med Data library.

And more recently, Oil and Gas International (2003) carried
an announcement dated 29 January 2003 that Spectrum Energy
had completed an inshore 2D survey for the Lebanese Ministry of
Energy and Water that was merged with the earlier surveys of the
EEZ. The survey consisted of 2000 km of 2D seismic, magnetics,
and gravity in Lebanon’s shallow water coastal zone. The survey
was carried out by Fugro-Geoteam’s vessel, the S/V Geolog
Dmitriy Nalivkin (Fugro-Geoteam, 2003) (Fig. 16.2f). Spectrum
reported more favorable indications of hydrocarbon potential in the
northem part of the country.

THE COMPILATIONAL METHOD

Acquisition of passage soundings

Compiling a map is no easy task. Years ago, we were
convinced that digitizing track charts of passage soundings was
sufficient. If we could interpolate from fixes where the ship was at
any time, and if we knew the time at which soundings were made,
then we could either plot the soundings, or interpolate where the
various depth contours were crossed, and then contour the map
according to these crossings. Once we had collected data for about
one hundred scientific cruises, we began to realize that most areas
were without coverage. These first steps were in concert with the
computer support then available. There were large digitizers, large
and weighty plotters, and mainframe computers.

With the advent of the personal computer, new capabilities
opened up. Now nineteen years into that revolution, I have
somehow progressed through some 44 computers, 12 digitizers,
two large plotters and myriad inkjets. Computing capacity has gone
from a 8 MHz PC-AT to an Intel 3.06 GHz Xeon processor with
2 Gbyte of memory and nearly 1 Tbyte of disk space, and gridding
capability from 300 to many millions of points.

J. K. Hall

In parallel, raster scanners became available, and beginning in
1987 large charts could be rendered into raster images, which could
be worked on with heads-up digitizing. In my operation alone,
over 1700 charts and fairsheets for the surrounding seas have been
scanned and the soundings extracted.

In order to conveniently digitize material from these images,
programs were written to allow proper registration of the data
being extracted. My generation lived and breathed FORTRAN,
hence all software was written in FORTRAN IV for the 16 color
350 by 640 pixel EGA graphics mode. The graphics package
chosen for the Ryan-McFarlin IBCM Professional Fortran was
Media Cybernetics’ HALO, which had drivers for getting digitizer
coordinates from GTCO 0.001” digitizers with 16 button cursors.
These FORTRAN IV programs are still in use today.

Extraction of Spot Soundings

The methodology involves scanning the charts at 200 dpi
in grayscale, usually in uncompressed TIFF format. A program
such as Adobe PhotoShop® 'is used to rectify the scan, adjust the
brightness and contrast to clean up the scan, and then convert it to
a bitmap (black and white pixels). These bitmap images are then
converted into a matrix of EGA screens, each 640 pixels wide and
350 pixels high, stored in the HALO semi-compressed .PIC format.
The names, following the DOS convention of 8 characters with a
three character extension, are a two or three character mnemonic
for the chart, followed by the row of the matrix (2 digits) and the
column (2 digits). Hence British Chart 2633 of the Syrian and
Lebanese coasts (BAHO, 1974) is made up of files LF0101.PIC
to LF2314.PIC. This method, even within the restrictions imposed
by DOS, allows scans up to 64,000 pixels wide by 35,000 pixels
high.

This matrix of screens is then worked on, one screen at a
time. The soundings in each screen are digitized. The cross of the
cursor is put over the sounding (usually the center of the imaginary
rectangle encompassing the number) and the number is entered
using the 16 buttons. When the cursor is moved off this point, the
point is plotted as a small blue cross, and the number over-written
in red. Screens seldom have more than 200 points. When all
points are digitized the soundings from that screen, together with
those from the eight surrounding screens, are used to calculate
a multi-quadric (radial basis function) surface (Hardy, 1971). For
example, a surface based on 200 points, represents the solution of
200 equations in 200 unknowns. It honors every data point, and the
results are very similar to real topographic surfaces.

A grid for the area of the screen is computed from the results
of this solution, and presented as an isometric 3-D ‘fish-net’ plot,
with ten colors representing hypsometric intervals according
a preset figure (usually 10 meters). Today only a few seconds are
required for fitting up to 300 points. This system allows bad points
to be immediately recognized by the fact that the surface looks
unnatural. Corrections can then be immediately applied. At any
time all the digitized points can be plotted together, with 10 colors
again being used to differentiate between specific hypsometric
intervals. This is useful for finding undigitized screens, and
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blunders. This method has worked very successfully for several
hundreds of thousands of screens, representing well over 20,000
hours of heads-up digitizing. ' .

Once all the soundings (and other attributes which can be
represented as text strings, such a bottom types, wrecks etc.) have
been digitized, another program is used to digitize all the points
on the graticule of the chart (lines of latitudes and longitudes). A
small .GSC (Geographic-Screen-Calibration) file is constructed,
along with the appropriate latitudes and longitudes, and an affine
transformation procedure, together with a rubber-sheeting factor, is
used to convert from digitized pixels to actual geographic position
(Doytscher and Hall, 1997). The digitized graticule is first tested
graphically to see that this very sensitive procedure is properly
followed.

Finally, the digitized points and attributes from all the screen
are converted and written into four separate ASCII files for each
chart, as x,yz triads in decimal degrees, and as latitudes and
longitudes in degrees and minutes for manual comparison with

achart.

Gridding of the x,y,z Datapoints

These x,).z triads can be plotted or gridded using versatile
programs such as Surfer® from Golden Software. Since a large
variety of chart datums are used, it is necessary to convert these
datums to the WGS-84 datum used by the Global Positioning
System (GPS). The coordinates of these files can be transformed
by programs such as NIMA’s Geotrans, or the Geographic
Calculator® from Blue Marble Geographics.

Having merged together all the sounding data, it is then
a straight-forward procedure to enter a program like Surfer® 8,
and request a grid. However, for many reasons this automated
result is seldom satisfactory, no matter what the gridding technique
used. The same sounding, digitized from several charts with minor
displacements, or errors like incorrect sound velocity corrections,
or mixing fathoms with meters, or an overabundance of data in
some places and a dearth of data in others, can play havoc with the
gridding. Hence it is necessary to painstakingly go over the data, as
outlined below.

INTERNATIONAL COMPILATIONS - IBCM & GEBCO

There are two main ocean mapping programs within
the Intergovernmental Oceanographic Commission (I0C) of
UNESCO, which are cooperative efforts with the International
Hydrographic Organization (IHO). The first is called GEBCO, for
the ‘General Bathymetric Chart of the Oceans’. GEBCO has just
completed 101 years of work preparing compilations for all the
world oceans. Since 1903 it has produced five separate editions of
Charts. with depth contours every 500 m, and for its Centenary in
2003 it completed a multi-year effort to produce the first 1’ (<1852
m) grid for the world, on both land and sea.

The second series of programs are called the IBCs, for
International Bathymetric Charts of various regional seas. These
are more detailed local undertakings. I am heavily involved in the
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Editorial Board of the IBCM, the International Bathymetric Chart of
the Mediterranean (and Black Sea) and its Geophysical/Geological
Overlay Sheets. Since 1981 charts at scale of 1:1 million and 1:5
million have been prepared for the IBCM bathymetry (Morelli anid
Val’chuk, 1988), Bouguer gravity anomalies (IBCM-G -- Makris
et al., 1998), seismicity (IBCM-S - Legros and Bonnin, 1999),
Plio-Quaternary isopachs and structural contours (IBCM-PQ
— Gennesseaux et al., 1998), recent bottom sediments (IBCM-SED
see Chapter 17 of this volume), and magnetic anomalies (IBCM-M
— Zanolla et al., 1998; 2000). Four of these geophysical/geological
overlays can be seen in Fig. I11.4 on pages 6 and 7. For the past ten
years I have been working on the new IBCM-II, which will be a
bathymetric and topographic grid for the Mediterranean and Black
Sea at 0.1’ (<185.2 m) spacing.

As a first attempt to obtain a homogeneous dataset for the
IBCM-II, almost all the charts published by the Head Department
of Navigation and Oceanography (HDNO) of the Russian
Federation were purchased, scanned, and their soundings digitized.
This choice was mandated by the inclusion within these charts of
published soundings of other hydrographic organizations that had
been ‘validated’ by the hundreds of ships routinely reporting to the
HDNO, and by the addition of many new soundings.

This effort has recently been completed, and grids prepared
at 1’ (Fig. II1.7). Now begins the more difficult task to produce
a 0.1’ grid without the artifacts, blunders, and beauty marks that
commonly sprout out from the grids. The ultimate objective is
to prepare the grid from seamless coverage of the ocean floor
by swath mapping using multibeam sonar. However until this
is available, the trick will be to make the best approximation of
the seafloor from what is available, and then to replace it with
multibeam coverage as that becomes available, either from swath
transit tracks, or from polygonal ‘postage stamp surveys’.

The method to be used will be a fusion of the now available
SRTM 30” (<90 m) data on land (see below) with the inshore
bathymetry taken from published navigational charts. This will
be a labor intensive task, which will involve merging the two data
sets in such a way that a valid shoreline separates them. Until now
such a shoreline has only been available at roughly 1:200,000 scale,
except in areas where detailed inshore maps are available at scales
of 1:20,000 to 1:5,000. However in the near future a new shoreline,
based upon LANDSAT imagery and applicable to scales of 1:
50,000, is expected to be released by the National Geo-Spatial-
Intelligence Agency (NGA).

For the shallow waters of the continental shelf and the upper
continental slope, the historical data outlined above will probably
have to suffice for the foreseeable future. Swath mapping with
100% coverage of the bottom using multibeam sonar is generally
not cost effective for reconnaissance work in shallow water. The
geometry of the beams makes it necessary to run on very closely
spaced tracks.

Thus the initial compilations for the inshore areas of the BCM-
II for the Mediterranean and Black Sea will be based upon shoal-
biased soundings from hydrographic charts, unless data is made
available from original hydrographic surveys like those shown in
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Figs. I1L.5 or Fig. 15.6. For the deeper areas offshore, there is a good
chance that within a few years swath mapping will be available due
in great part to the foresight of scientists convinced that efforts in
this direction will bear fruit even if the funding agencies place low
priority on the need.

MULTIBEAM MAPPING OF THE LEVANT MERGIN

The French Surveys of the Eastern Mediterranean

For the past decade our French colleagues have made steady
progress in mapping the deep seafloor of the eastern Mediterranean.
Initially cruises of the Ifremer vessel N/O I’ Atalante (Fig. IIL.11c)
mapped the Mediterranean Ridge over as far as Eratosthenes
Seamount (Loubrieu et al.,, 2000, Fig. 16.5). These campaigns
consisted of MEDEE in 1992, HERALIS and ANAXIPROBE
in 1995, and PRISMED II in 1998 which vastly improved the
Strakhov coverage in the Fratosthenes Seamount area through
the use of L’Atalante’s Kongsberg Simrad EM12D system. This
consists of dual 12 kHz heads producing 162 sonar beams spread
over an arc of 150°, capable of mapping a swath up to 7.3 times the
water depth.

In 1999 this work was interrupted by the need to survey the
faults in the Sea of Marmara, following the disasterous Turkish
Izmit earthquake of August 17, 1999 that registered 7.8 on the
Richter scale. In 2000 the Ifremer vessel N/O Le Suroit (Fig. 16.2¢)
continued the systematic work with the FANIL campaign, filling in
some of the gaps in the earlier coverage and surveying the lower
reaches of the Nile Cone.

In October and November 2003 the Le Suroit carried out two
massive surveys of the continental margins of Syria and Lebanon
using a Simrad EM300 muitibeam. This 30 kHz sonar swath
mapping system is capable of mapping the seafloor at depths
between 10 and 4000 m. Each ping sends out 135 1° by 2° beams
out over an arc of up to 140°, covering a swath up to a maximum of
5.4 times the water depth. Fig. 16.3b shows the tracks covered by
the two surveys, named SHALIMAR and BLAC. When the results
from these two surveys are published they will completely supplant
all the previous bathymetry, and should answer many questions
related to the offshore physiography of this area.

Beyond the scientific interest in studying the Mediterranean
seafloor, the SHALIMAR survey appears to have been carried
out to augment the ongoing commercial assessment of the
hydrocarbon potential of the margins, and especially to evaluate
earthquake risk associated with the adjacent Dead Sea Transform
of the Syrian-African rift (as evidenced by structures in the deep
sea). Several years earlier the Lebanese had already evinced an
interest in the existing bathymetry by establishing, with the help of
UNEP a Coastal Information System for monitoring environmental
pollution (GRID-Geneva, 2000). Although not acknowledged, in
1999, in order to further this project, the author supplied a 0.1 grid
for the Lebanon offshore based upon the available data discussed
above.

The BLAC campaign off Syria also appears to be related to
tectonic concerns, and in particular to an announcement in 2001
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of an interest in collaborating with the Greek Cypriot government
in exploring potential offshore oil and gas reserves. This was
apparently in response to declining onshore oil reserves.

Up to now such exploration has been minimal. For
while Syria, unlike Lebanon and Israel, is a full member of
the International Hydrographic Organization in Monaco, and
while Syrian naval hydrographic representatives periodically
attend the bi-annual meetings of the Mediterranean — Black Sea
Hydrographic Commission (MBSHC), the author is unaware of
any coastal surveys published by Syria. Despite claiming a 35
nmi territorial sea and 41 nmi contiguous zone, far wider than the
almost universally accepted 12 nmi, Syrian hydrographic activity
appears to be restricted to updating the detailed port charts, marking
hazards to navigation, listing lights and beacons etc.

Israeli National Bathymetric Survey

In the case of Israel, a National Bathymetric Survey (NBS) led
by the author and involving a eooperative effort by the Geological
Survey of Israel, the Israel Oceanographic and Limnological
Research Ltd. (the Israel National Oceanographic Institute), and
the Survey of Israel has been in operation since 2001. The IOLR’s
48’ yacht trawler R/V Etziona (Fig. 16.2h) is equipped with a
Kongsberg Simrad EM1002 system operating at 95 kHz. Its 111
2° by 2° beams cover an arc of up to 150° that can map a swath
up to 7.3 times the water depth, in depths between 8 and 1000 m.
As of this writing approximately 30% of the Israeli offshore has
been covered, ultimately producing a DTM at 2 m spacing on
the continental shelf. Fig. 16.6 shows the coverage immediately
adjacent to the border with Lebanon in northemn Israel. Several
features can be immediately noted, which should also pertain to
similar shallow results once they are obtained off Lebanon:

1) Upto 15 carbonate or carbonate-cemented sandstone (‘kurkar’)
ridges can be observed running parallel to the coast. These rise from
5-15 m above the surrounding seafloor.

2) North of Acre, off the western Galilee, several E-W faults
can be observed. These are continuations of known onshore fauits.
Detailed examination in the future will determine their activity.

3) The Mount Carmel structure protrudes offshore as the Carmel
Nose.

4) In the north, Achziv Canyon has steeply incised the continental
shelf, whose shelfbreak is generally at about 125 m depth. Farther
south the edge of the less pronounced Carmel Canyon can be
seen.

5) Beyond the shore-parallel ridges the shelf shows some
segmentation, with a deepening over a 5 km distance north of Acre,
and a similar deepening over another five km stretch just south of
Rosh Na-Nigra at the border with Lebanon.

6) Bedforms reminiscent of dunes and other nearshore features
can be seen on the southwestern part of the Carmel Nose, and at
water depths of over 30 m northwest of Acre.

It would appear from these preliminary results that the
morphology of the shallow shelf arises from a complex interaction
of several sedimentary processes (currents, the post-glacial
transgression etc.) and neotectonic activity.
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LAND TOPOGRAPHIC DATA - 5’ to 0.5 COVERAGE

ETOPO5, GTOPO30, and HYDRO1K

Digital terrain models (DTMs) exist for Lebanon and Syria.
The first was ETOPOS, produced by the U.S. Naval Oceanographic
Office (USNOO) in the 1980s, with grid point elevations or depths
every 5’ or about every 9 km. This evolved into a better dataset on
CDROM from the National Geophysical Data Center (NGDC) of
NOAA called TerrainBase (Row et al., 1995). This was followed
by DBDBV (V for variable), another U. S. Navy product, which
for the Mediterranean was on a 1’ grid (or <1.852 km). Then
came several datasets primarily produced by NGDC and the U. S.
Geological Survey (USGS) which were land-only and on a 0.5’
grid or a little less than 1 km. These were GTOPO30 (Anonymous,
1997; USGS, 1997), GLOBE (Hastings and Dunbar, 1999),
and HYDROIK (Verdin and Greenlee, 1996). GTOPO30 was a
collaborative effort by the staff of the USGS’s EROS Data Center
to produce a worldwide dataset to support satellite data acquisition.
GLOBE, from the GLOBE Task Team of the Committee on Earth
Observation Satellites, was an improved version of GTOPO30.
HYDROIK was a hydrologic derivative of GTOPO30 in which
elevation anomalies were removed so that water would flow
downhill. The HYDROI1K dataset was also different in that it was
on a 1 km grid on Lambert Azimuthal Equal Area projections for
each of the continents.

For the purposes of the GEBCO 1’ compilations (see Hall,
Introduction to Part III of this volume and Fig. 1.6, p. 9-10),
I used the HYDROIK dataset. This was done by converting the
digital files from big-ended to little-ended binary (Motorola to Intel
byte order), and then out of the Lambert projection to geographic
latitude and longitude, and then reinterpolating onto the desired
grid in geographic coordinates. All these datasets are problematic
as they were based upon different sources, different datums,
different contour intervals etc.

In 2002 a new worldwide ETOPO2 land and marine 2’ grid
was released by NGDC, and this was followed in April 2003, at
the GEBCO Centenary, by a quantum jump to the new GEBCO
Digital Atlas on a 1’ grid.

ACE - Altimetry Corrected Elevations

Anew 1’ gridded dataset (Berry et al., 2002) recently became
available, based upon worldwide altimetric measurements from
the European Space Agency’s ERS-1 Geodetic Mission (Berry et
al., 2000). A CDROM with the ACE data was tested and was used
for land cover in early drafis of some of this chapter’s figures. But
in final drafts it was superceded by the SRTM data (see below),
which was 100 times as dense. However, for the broad expanses
of continent discussed in Chapter 22, the ACE dataset was widely
used for background (viz. Figs. 22.7, 22.9, 22.10a, 22.11, 22.12,
22.15a,b,22.21, and 22.23).

LAND TOPOGRAPHIC DATA - 0.5 to 0.05 COVERAGE

Shuttle Radar Topographic Mission (SRTM)
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The datasets described above were completely supplanted by
the release of the 3” DTM resulting from NASA’s Shuttle Radar
Topographic Mission, flown February 11-22, 2000 aboard the
space shuttle Endeavour on STS-99. After deploying a 60 m mast
the crew of the Endeavour (Fig. E.12 in the Epilogue) used C-band
Interferometric Synthetic Aperture Radar (INSAR) techniques
to make 220 km wide swaths from which a 1”” or 30 m DTM for
some 82% of Earth’s landmass was determined. An X-band radar
supplied by the German Space Agency (DLR) derived even finer
resolution 10 m data along a narrower 40 m swath.

The SRTM datasets for this part of the world were released
during the final stages of preparation of these volumes. As a result
the backgrounds for various figures consist of a mixture of datasets.
Data on a 3” (90 m) grid for North America was the first to be
released, on 5 March 2003. This was followed by South America
on 15 May 2003, Eurasia on 5 December 2003, and Africa on 1
April 2004. The data can be downloaded in 1° by 1° tiles from
ftp://eOmss21u.ecs.nasa.gov/srimy.

With 3 SRTM coverage for Eurasia and Africa now available
for the three continents bordering the Mediterranean, making the
land cover for the 0.1° IBCM-II grids becomes a reality. The raw 3”
SRTM data tiles have small gaps in the coverage, due to shadowing
by topography, lack of coherence due to water on the ground, and
other effects. A number of schemes are freely available for patching
these holes, the easiest being overlay of the 3” data over the 30”
SRTM data in Global Mapper® (www.globalmapper.com), and
then output of a new 3” grid. _

The new 3” SRTM dataset is used in Fig. 16.7 to give an
overview of the area to be discussed below. Contrasting this
image with that in Fig. I[I1.3 (HYDROIK on land - p. 5) shows
the tremendous improvement in delineation of the land features
possible with the SRTM data.

Advanced Spaceborne Thermal Emission and Reflection
(ASTER)

Somewhat finer DTMs exist for Lebanon, either prepared
from the contours of topographic maps, or from photogrammetric
techniques on aerial photography or satellite imagery. For instance
the 25 m DTM of Israel which I prepared in 1987-1993 from
topographic map sheets at 1:50,000 scale had coastal coverage as
far north as Sidon, just south of Beirut.

However equivalent DTMs farther north were derived from
multiple coverage of areas by the ASTER (Advanced Spaceborne
Thermal Emission and Reflection) sensor aboard the Terra satellite.
Terra was launched in December 1999 as part of NASA’s Earth
Observing System. From December 2000 DTMs from some
ASTER image pairs are available to the public from a USGS
website (htip:/edcimswww.cr.usgs.gov). The ASTER images are 67
km on a side, with resolutions between 15 and 90 m. Although they
may be ordered against payment for specific needs, other scenes
for different areas of the world are routinely processed and made
available without charge.

All the freely available ASTER files in our immediate area
have been downloaded. The extraction of the DTM from the
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Figs. I11.5 or Fig. 15.6. For the deeper areas offshore, there is a good
chance that within a few years swath mapping will be available due
in great part to the foresight of scientists convinced that efforts in
this direction will bear fruit even if the funding agencies place low
priority on the need.

MULTIBEAM MAPPING OF THE LEVANT MERGIN

The French Surveys of the Eastern Mediterranean

For the past decade our French colleagues have made steady
progress in mapping the deep seafloor of the eastern Mediterranean.
Initially cruises of the Ifremer vessel N/O I’ Atalante (Fig. IIl.11¢)
mapped the Mediterranean Ridge over as far as Eratosthenes
Seamount (Loubrieu et al., 2000, Fig. 16.5). These campaigns
consisted of MEDEE in 1992, HERALIS and ANAXIPROBE
in 1995, and PRISMED I in 1998 which vastly improved the
Strakhov coverage in the Eratosthenes Seamount area through
the use of L’Atalante’s Kongsberg Simrad EM12D system. This
consists of dual 12 kHz heads producing 162 sonar beams spread
over an arc of 150°, capable of mapping a swath up to 7.3 times the
water depth.

In 1999 this work was interrupted by the need to survey the
faults in the Sea of Marmara, following the disasterous Turkish
Izmit earthquake of August 17, 1999 that registered 7.8 on the
Richter scale. In 2000 the Ifremer vessel N/O Le Suroit (Fig. 16.2¢)
continued the systematic work with the FANIL campaign, filling in
some of the gaps in the earlier coverage and survéying the lower
reaches of the Nile Cone.

In October and November 2003 the Le Suroit carried out two
massive surveys of the continental margins of Syria and Lebanon
using a Simrad EM300 multibeam. This 30 kHz sonar swath
mapping system is capable of mapping the seafloor at depths
between 10 and 4000 m. Each ping sends out 135 1° by 2° beams
out over an arc of up to 140°, covering a swath up to a maximum of
5.4 times the water depth. Fig. 16.3b shows the tracks covered by
the two surveys, named SHALIMAR and BLAC. When the results
from these two surveys are published they will completely supplant
all the previous bathymetry, and should answer many questions
related to the offshore physiography of this area.

Beyond the scientific interest in studying the Mediterranean
seafloor, the SHALIMAR survey appears to have been carried
out to augment the ongoing commercial assessment of the
hydrocarbon potential of the margins, and especially to evaluate
earthquake risk associated with the adjacent Dead Sea Transform
of the Syrian-African rift (as evidenced by structures in the deep
sea). Several years earlier the Lebanese had already evinced an
interest in the existing bathymetry by establishing, with the help of
UNEP a Coastal Information System for monitoring environmental
pollution (GRID-Geneva, 2000). Although not acknowledged, in
1999, in order to further this project, the author supplied a 0.1° grid
for the Lebanon offshore based upon the available data discussed
above.

The BLAC campaign off Syria also appears to be related to
tectonic concemns, and in particular to an announcement in 2001

J.K. Hall

of an interest in collaborating with the Greek Cypriot government
in exploring potential offshore oil and gas reserves. This was
apparently in response to declining onshore oil reserves.

Up to now such exploration has been minimal. For
while Syria, unlike Lebanon and Israel, is a full member of
the Intemational Hydrographic Organization in Monaco, and
while Syrian naval hydrographic representatives periodically
attend the bi-annual meetings of the Mediterranean — Black Sea
Hydrographic Commission (MBSHC), the author is unaware of
any coastal surveys published by Syria. Despite claiming a 35
nmi territorial sea and 41 nmi contiguous zone, far wider than the
almost universally accepted 12 nmi, Syrian hydrographic activity
appears to be restricted to updating the detailed port charts, marking
hazards to navigation, listing lights and beacons etc.

Israeli National Bathymetric Survey

In the case of Israel, a National Bathymetric Survey (NBS) led
by the author and involving a cooperative effort by the Geological
Survey of Israel, the Israel Oceanographic and Limnological
Research Ltd. (the Israel National Oceanographic Institute), and
the Survey of Israel has been in operation since 2001. The IOLR’s
48’ yacht trawler R/V Etziona (Fig. 16.2h) is equipped with a
Kongsberg Simrad EM1002 system operating at 95 kHz. Its 111
2° by 2° beams cover an arc of up to 150° that can map a swath
up to 7.3 times the water depth, in depths between 8 and 1000 m.
As of this writing approximately 30% of the Israeli offshore has
been covered, ultimately producing a DTM at 2 m spacing on
the continental shelf. Fig. 16.6 shows the coverage immediately
adjacent to the border with Lebanon in northern Israel. Several
features can be immediately noted, which should also pertain to
similar shallow results once they are obtained off Lebanon:

1) Upto 15 carbonate or carbonate-cemented sandstone (‘kurkar’)
ridges can be observed running parallel to the coast. These rise from
5-15 m above the surrounding seafloor.

2) North of Acre, off the western Galilee, several E-W faults
can be observed. These are continuations of known onshore faults.
Detailed examination in the future will determine their activity.

3) The Mount Carmel structure protrudes offshore as the Carmel
Nose.

4) In the north, Achziv Canyon has steeply incised the continental

shelf, whose shelfbreak is generally at about 125 m depth. Farther
south the edge of the less pronounced Carmel Canyon can be
seen.
5) Beyond the shore-parallel ridges the shelf shows some
segmentation, with a deepening over a 5 km distance north of Acre,
and a similar deepening over another five km stretch just south of
Rosh Na-Nigra at the border with Lebanon.

6) Bedforms reminiscent of dunes and other nearshore features
can be seen on the southwestern part of the Carmel Nose, and at
water depths of over 30 m northwest of Acre.

It would appear from these preliminary results that the
morphology of the shallow shelf arises from a complex interaction
of several sedimentary processes (currents, the post-glacial
transgression etc.) and neotectonic activity.
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LAND TOPOGRAPHIC DATA - 5’ to 0.5 COVERAGE

ETOPOS, GTOPO30, and HYDROIK

Digital terrain models (DTMs) exist for Lebanon and Syria.
The first was ETOPOS, produced by the U.S. Naval Oceanographic
Office (USNOO) in the 1980s, with grid point elevations or depths
every 5’ or about every 9 km. This evolved into a better dataset on
CDROM from the National Geophysical Data Center (NGDC) of
NOAA called TerrainBase (Row et al., 1995). This was followed
by DBDBV (V for variable), another U. S. Navy product, which
for the Mediterranean was on a 17 grid (or <1.852 km). Then
came several datasets primarily produced by NGDC and the U. S.
Geological Survey (USGS) which were land-only and on a 0.5
grid or a little less than 1 km. These were GTOPO30 (Anonymous,
1997; USGS, 1997), GLOBE (Hastings and Dunbar, 1999),
and HYDROIK (Verdin and Greenlee, 1996). GTOPO30 was a
collaborative effort by the staff of the USGS’s EROS Data Center
to produce a worldwide dataset to support satellite data acquisition.
GLOBE, from the GLOBE Task Team of the Committee on Earth
Observation Satellites, was an improved version of GTOPO30.
HYDROIK was a hydrologic derivative of GTOPO30 in which
elevation anomalies were removed so that water would flow
downhill. The HYDROI1K dataset was also different in that it was
on a 1 km grid on Lambert Azimuthal Equal Area projections for
each of the continents.

For the purposes of the GEBCO 1’ compilations (see Hall,
Introduction to Part III of this volume and Fig. IIL.6, p. 9-10),
I used the HYDROIK dataset. This was done by converting the
digital files from big-ended to little-ended binary (Motorola to Intel
byte order), and then out of the Lambert projection to geographic
latitude and longitude, and then reinterpolating onto the desired
grid in geographic coordinates. All these datasets are problematic
as they were based upon different sources, different datums,
different contour intervals etc.

In 2002 a new worldwide ETOPO2 land and marine 2’ grid
was released by NGDC, and this was followed in April 2003, at
the GEBCO Centenary, by a quantum jump to the new GEBCO
Digital Atlason a 1’ grid.

ACE - Altimetry Corrected Elevations

Anew I’ gridded dataset (Berry et al., 2002) recently became
available, based upon worldwide altimetric measurements from
the European Space Agency’s ERS-1 Geodetic Mission (Berry et
al., 2000). A CDROM with the ACE data was tested and was used
for land cover in early drafts of some of this chapter’s figures. But
in final drafls it was superceded by the SRTM data (see below),
which was 100 times as dense. However, for the broad expanses
of continent discussed in Chapter 22, the ACE dataset was widely

used for background (viz. Figs. 22.7, 22.9, 22.10a, 22.11, 22.12,
22.15a,b,22.21, and 22.23).

LAND TOPOGRAPHIC DATA - 0.5’ to 0.05° COVERAGE

Shuttle Radar Topographic Mission (SRTM)
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The datasets described above were completely supplanted by
the release of the 3” DTM resulting from NASA’s Shuttle Radar
Topographic Mission, flown February 11-22, 2000 aboard the
space shuttle Endeavour on STS-99. After deploying a 60 m mast
the crew of the Endeavour (Fig. E.12 in the Epilogue) used C-band
Interferometric Synthetic Aperture Radar (INSAR) techniques
to make 220 km wide swaths from which a 1”” or 30 m DTM for
some 82% of Earth’s landmass was determined. An X-band radar
supplied by the German Space Agency (DLR) derived even finer
resolution 10 m data along a narrower 40 m swath.

The SRTM datasets for this part of the world were released
during the final stages of preparation of these volumes. As a result
the backgrounds for various figures consist of a mixture of datasets.
Data on a 3” (90 m) grid for North America was the first to be
released, on 5 March 2003. This was followed by South America
on 15 May 2003, Eurasia on 5 December 2003, and Africa on 1
April 2004. The data can be downloaded in 1° by 1° tiles from
ftp://leOmss21u.ecs.nasa.gov/srtm/.

With 3” SRTM coverage for Eurasia and Africa now available
for the three continents bordering the Mediterranean, making the
land cover for the 0.1’ IBCM-II grids becomes a reality. The raw 3”
SRTM data tiles have small gaps in the coverage, due to shadowing
by topography, lack of coherence due to water on the ground, and
other effects. A number of schemes are freely available for patching
these holes, the easiest being overlay of the 3” data over the 30”
SRTM data in Global Mapper® (www.globalmapper.com), and
then output of a new 3” grid. _

The new 3” SRTM dataset is used in Fig. 16.7 to give an
overview of the area to be discussed below. Contrasting this
image with that in Fig. [II.3 (HYDROIK on land - p. 5) shows
the tremendous improvement in delineation of the land features
possible with the SRTM data.

Advanced Spaceborne Thermal Emission and Reflection
(ASTER)

Somewhat finer DTMs exist for Lebanon, either prepared
from the contours of topographic maps, or from photogrammetric
techniques on aerial photography or satellite imagery. For instance
the 25 m DTM of Israel which I prepared in 1987-1993 from
topographic map sheets at 1:50,000 scale had coastal coverage as
far north as Sidon, just south of Beirut.

However equivalent DTMs farther north were derived from
multiple coverage of areas by the ASTER (Advanced Spaceborne
Thermal Emission and Reflection) sensor aboard the Terra satellite.
Terra was launched in December 1999 as part of NASA’s Earth
Observing System. From December 2000 DTMs from some
ASTER image pairs are available to the public from a USGS
website (http:/edcimswww.crusgs.gov). The ASTER images are 67
km on a side, with resolutions between 15 and 90 m. Although they
may be ordered against payment for specific needs, other scenes
for different areas of the world are routinely processed and made
available without charge.

All the freely available ASTER files in our immediate area
have been downloaded. The extraction of the DTM from the


ftp://e0mss21
http://www.globalmapper.com
http://www.cr.usgs.gov
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map is based on four campaigns of the Ifremer vessel
N/O L’Atalante - Médée, Heralis, Anaxiprobe, and
Prismed2. The ship used a dual head Simrad EM12D
system with 162 beams. These campaigns, over a
total of 70 days between 1992 and 1998, surveyed
some 375,000 km?. Additional work has filled in areas
around the Nile Cone (FANIL) and recently along
the margins of Syria and Lebanon. A description
of the map is given below in the section entitled ‘A
Multibeam Bathymetric Map of the Deep Eastern
Mediterranean Sea Basin’ by B. Loubrieu et al.
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Table 16.1: Files downloaded in order to make the DTM in Fig, 16.8.

ASTER_DEM20011120155459.hdf ol <45
ASTER_DEM20011120155459_hdf methtm po ’
ASTER_DEM2002022013 1418 hdf Beirut 18

ASTER_DEM20020220131418_hdf methtm nk

ASTER_DEM20020220141338 hdf

ASTER_DEM20020220141338_hdf_met htm AntiL ebanon 1338

ASTER_DEM20020220144215 hdf

ASTER_DEM20020220144215_hdf methtm Bekaa 4215

ASTER_DEM20020221093012.hdf o2

ASTER_DEM20020221093012_hdf _methtm Tyre

ASTER_DEM20020221105511.hdf Batru il

ASTER_DEM20020221105511_hdf_methtm atrun

ASTER_DEM20020222132346.hdf )

ASTER_DEM20020222132346_hdf_methtm Haifa 236

ASTER_DEM20020417120045.hdf

ASTER_DEM20020417120045_hdf methtm Golan 0045

downloaded files is not a trivial process. The process requires
first to get the scene comer, so using something like Notepad, one
enters the _hdf methtm file for the scene, and extracts the last
latitude and longitude values from the GRingPointLatitude and
GRingPointLongitude section. These are then converted from
decimal degrees to UTM coordinates via something like the free
web applet at http://www.cellspark.com/UTM.html.

Using a program called GEOTIFF4 available from www.
terrainmap.com which is run by John Childs, an RPI graduate
student of remote sensing, the Aster FP32 HDF format files can
be processed and converted to DEM format files, which Global
Mapper® can convert to Surfer® binary GRD files. These can then
be mosaicked and manipulated by Surfer®. However, while the
x,y precision of the ASTER files isn’t bad, the regional z values
fluctuate considerably, so that the coast can vary more than a hundred
meters above or below sea level. Initial attempts to correct this for
preparation of this chapter were not rewarding; but following the
release of the 30” and 3” SRTM data, and improvements in the
Global Mapper® software, it became possible to overlay 3” SRTM
on the 30” SRTM, and then output an exact 30 m grid overlay to
the ASTER files. Surfer® was then used to subtract this overlay
grid from the original ASTER data, and then again subtract this
difference grid from the original ASTER grid to obtain a new grid
without these large errors in height.

As an introduction to the discussion below, Fig. 16.8 shows
the eight uncorrected ASTER 30 m DTM files overlain on the 90
m SRTM on the coast of Lebanon and Syria. The last four digits

&

for each of the grids, given in Table 16.1, are noted in white on the
figure. SRTM-corrected ASTER DTM files were used in the figures
presented in the discussion of the coastal morphology below.

Two other examples demonstrating the high quality of the
ASTER datasets are shown in Figs. 16.9 and 16.10. In Fig. 16.9
of the northem Gulf of Agaba (Elat) the 30 m ASTER data on
the left is contrasted with the 90 m SRTM data on the right. The
bathymetry for the gulf is shown as multibeam data from the F/S
METEOR during Cruise 44/2 overlain on the bathymetric chart of
Hall and Ben-Avraham (1979). In Fig. 16.10, from Wadi as Sirhan
on the border between Jordan and Saudi Arabia, the ASTER data
in the southwestern and northeastern quadrants show very clearly
the fabric and texture of the topography. In the northwestern and
southeastern quadrants the slightly less detail of the SRTM dataset
is evident.

To my knowledge these are the highest resolution images
yet available for these areas, which cover 19,473 and 36,218 km?
respectively. However it should be remembered that the original
unreleased SRTM measurements are at 30 m resolution with 10
m available for smaller areas from the higher frequency X-band
rader interferometry.

MAIN FEATURES OF THE COASTAL MORPHOLOGY

To aid in the discussion below, and for the purposes of
navigation relative to cultural landmarks, the Tactical Piloting
Chart of the Lebanese-Syrian coast has been superimposed on the

Fig. 16.6. Preliminary 5 m DTM of the continental shelf off northern Israel from the multibeam surveys of the Israel National Bathymetric Survey. The
research vessel R/V Etziona of the Israel Oceanographic & Limnological Research Ltd. is equipped with a Kongsberg-Simrad EM1002 multibeam
sonar system belonging to the author. The system operates at 95 kHz, and has 111 2° by 2° beams capable of mapping a swath 7.3 times the water

depth.
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digitized bathymetry in Fig. 16.11. The area covered is the same as
in Fig. 16.8. Two features of this coast are immediately evident:

a) The exceedingly narrow continental shelf from northern Israel
up to Turkey, with the exception of the bay between Tripoli and
Tartus and the triangular block widening out to sea off As Sarafand
in southern Lebanon.

b) The increased density of offshore submarine canyons incising
the shelf off the areas with coastal mountains.

The Offshore Faults

Fig. 16.12, simplified after Quennell (1984, Fig. 1, p. 277),
shows the major faults along the coast between northemn Israel
and southern Turkey. The majority of the faults, around twenty
in number, are found in the southern half south of Tripoli. They
appear related to the offset in the Dead Sea Transform along the
Yammouneh Fault, and for the most part are nearly perpendicular
to the coast. North of Tripoli only five faults are indicated, and they
are generally parallel to the adjacent coast.

Much has been written on the faulting in Lebanon (Beydoun,
1977; Arthaud et al., 1978; Walley, 1988; Ambraseys and Barazangi,
1989; Khair et al., 1997) and in particular on the Yammounech
Fault (Butler and Spencer, 1999; Daéron et al., 2001, 2003). The
kinematics of the Dead Sea fault system cannot reconcile the fact
that of the predicted 80 km of crustal shortening that should be
accommodated by the Palmyride system in Syria, only 20 km can
be accounted for (Chaimov et al., 1990). These difficulties have
led to ideas concerning possible accommodation via the branching-
off Roum Fault which presumably heads offshore, northward from
the Beirut headland (Butler et al., 1997; Khair, 2001; Elias et al.,
2001, 2003). Fig. 16.13 shows the most detailed topographic
representation published to date for this complex area.

Between Haifa and Saida the Roum Fault is seen to head NNW
from the Hula Valley in northern Israel. Its exact trace is unknown,
and most authors show it to exist for only half the distance between
the Hula Valley and Beirut. However the fault has been the subject
of great interest and speculation in that it could explain the above
kinematic discrepancy, and because recent earthquakes have been
attributed to the fault. Quoting from Darawcheh et al. (2000),
“Analysis of the Byzantine primary and secondary sources for
identifying the historical earthquakes in Syria and Lebanon reveals
that a large earthquake (Ms = 7.2) occurred in July 9, 551 AD along
the Lebanese littoral and was felt over a very large area in the
eastern Mediterranean region. It was a shallow-focus earthquake,

&
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associated with a regional tsunami along the Lebanese coast, a local
landslide near Al-Batron town, and a large fire in Beirut. It caused
heavy destruction with great loss of lives to several Lebanese cities,
mainly Beirut, with a maximum intensity between [X-X (EMS-
92). The proposed epicenter of the event is offshore of Beirut at
about 34.00°N, 35.50°E, indicating that the earthquake appears to
be the result of movement along the strike-slip left-lateral Roum
fault in southern Lebanon.”

In addition, Khair (2001, p. 4240, Fig. 1, Table 1) relates
that the three strongest seismic events in the past century (four
events in June-July 1907, March 16, 1956, and March 26, 1997)
“are located in the Roum fault zone including the Chouf region
and its offshore area”. These events, so close to the metropolis of
Beirut, have raised great concern. The day after the 1997 quake,
News@Lebanon.com reported “The Roum fault, east of Sidon,
was the epicenter of Lebanon’s last earthquake — the strongest
earthquake since 1956. No casualties were reported, though there
were some broken glasses and cracks in the walls. Additional 8
aftershocks were reported between 6:20 a.m. and 3:20 p.m. time.
The one at 3.20 p.m. registered 4.3 on the Richter scale, and the §
aftershocks registered between 2.5 and 3.5 Richter scale.”

A recent new analysis of the seismic profiles (e.g. Fig. 16.14)
obtained during our November 1982 survey off southern Lebanon
has highlighted the existence of the ‘Damur Disturbance’, off
Damur some 20 km south of Beirut (Ben-Avraham et al., 2004).
It is similar to the ‘Palmachim’ and ‘Dor Disturbances’ studied
in some detail off Israel (Almagor and Hall, 1984). The seismic
data shows the presence of dominant growth faults associated
with movements of the Messinian salts, as well as less evident
deep-rooted faults. The bathymetric data in hand presents no clear
picture of a NNW trending fault in the sea, although the new swath
mapping is likely to clearly discem its trace if it exists.

The Offshore Canyons

The density of canyons along the southen sector of the
coast closely follows the pattern of faults shown in Fig. 16.12.
North of Tripoli the continental margin is smoother, with a short
seaward extension opposite the ENE-WSW trending Tripoli
thrust implicated in the disastrous 551 AD earthquake (Elias et al.,
2001, 2003). Another series of canyons is clustered opposite the
branching off of the Gharb Fault, and then extending southwest
from Latakia is the 100 km long West Tartus Ridge. Its relation to
the more northerly Amanos fault is unclear.

Fig. 16.7. Shaded relief bathymetry of the eastern Mediterranean from the SO m contours of Hall (1994) merged with the 3” (<90 m) Shuttle Radar
Topographic Mission (SRTM) data for the land. Note the tremendous improvement in visualization of the bathymetry over the depth contours in Fig.
L2 (p. 3 of this volume), and the 30” (<900 m) HYDROIK land topography in Fig. IIL.3 (p. 5). It should be noted that the data density has been
considerably decreased in order to make this figure. Of note are the several bends in the Dead Sea Transform (DST), the asymmetry of the Jordan
Rift, the heights of the mountains of Lebanon and the Anti-Lebanon, Jebel Druze, and the Géksu River Valley in Turkey and its alignment with the
shelf margin southwest of Iskenderun Bay. Note also how the deep margins of the easternmost Mediterranean are aligned with the general trends of

the DST.
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Fig. 16.8. Hypsometrically colored shaded relief plots of eight ASTER image scenes between Haifa and Tripoli, overlain on the 90 m SRTM land coverage and the digitized
bathymetry from Fig. 16.7. The original file names are shown in Table 16.1. The last four digits for each ASTER scene are noted. The 30 m grid spacing of elevations
from photogrammetric analysis of the scenes gives an excellent indication of the local physiography. Unfortunately the overall vertical precision is not well-constrained
and the absolute elevations may be in error by tens to hundreds of meters. Holes in the data are primarily due to clouds which obscured the ground.
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Fig. 16.9. Comparison of ASTER 30 m and SRTM 3” (<90

m)data for the northem Gulfof Elat (Agaba) in southern
Israel, Jordan, and Egyptian Sinai. The projection is
UTM for Zone 36 (30° to 36°E). On the left side is
the ASTER data, corrected against the SRTM, overlaid
on reinterpolated 30 m SRTM data. On the right side
is the original 3” SRTM data reinterpolated to 90 m
on the UTM projection. The area shown includes five
ASTER 67 by 67 km tiles, whose location is shown
in the upper right hand side inset. The comparison is
surprisingly good. The color scale applies only to the
left hand image. The area covered is 102 km wide and
191 km high, for an area of 19,473 km?. This is almost
the size of pre-1967 Israel.
In the right hand image, the bathymetry of the Gulf
of Agaba (Elat), taken from the map of Hall and Ben-
Avraham (1979), has been superimposed., overlain by
the preliminary swath data from the DS-2 Hydrosweep
multibeam sonar system used aboard the German
research vessel F/S METEOR during her cruise 44
Leg 2 (12 March - 7 April 1999) in the gulf. The swath
grid is 30 m.
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Fig. 16.10. Example of 30 m ASTER imagery for the area of Wadi as Sirhan, where the southern part of Jordan protrudes into Saudi Arabia. See figure on page 824 for
location. The projection is UTM for Zone 37 (36° to 42°E), and the limits are approximately 29°-07" to 31°-17°N and 37° to 38°-20’E. Almost 900 m of topography
is represented in this area of approximately 150 by 212 km, covering 36,218 km?. Three ASTER images (2006, 2920, and 5924) are used here, in the southwestem
and northeastern quadrants. They show very clearly the fabric and texture of the topography. In the northwestern and southeastern quadrants the slightly lesser detail
of the SRTM dataset is evident.




Fig. 16.11. Shaded relief bathymetry of the eastern Mediterranean from the 50 m contours of Hall (1994) merged with the shaded relief Tactical Piloting Charts of Israel,
Lebanon, Syria, and Turkey (UKMOD, 1975; DMAAC, 1984). While the area covered is the same as in Fig. 16.8 the Tactical Piloting Chart gives cultural information
on the names, roads, borders, lakes etc. Note the higher density of submarine canyons in the south opposite the bend in the Dead Sea Transform. While all the canyons
are a result of the scouring effects from the erosional products from the nearby high mountain chains, these are also clearly impacted by the local faulting.
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pISCUSSION

This chapter has attempted to describe in somewhat general
terms the state of knowledge of the contingntal margip ofthe eastern
Mediterranean. This is perhaps an unenviable task given that in the
not too distant future there should be a few orders of magnitude
improvement in visualization, expected from the acquisition of
detailed seismic and swath bathymetry in the offshore. However,
as it is unlikely that the swath mapping will concentrate soon on the
shallower parts of the rise, slope, and shelf due to the concomitant
increase in survey time required, the inshore data described here
will have some value in guiding future work on the shelf; following

its more detailed analysis.
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Fig. 16.12. Map simplified from Quennel (1984 Fig. 1, p. 277) showing the scheme of faults between northern Israel and southemn Turkey. Over twenty
faults occur in the southem half, south of Tripoli. These are primarily east-west faults, continuing into the sea, and probably related to the offset in the
Dead Sea Transform along the Yammouneh Fault. North of Tripoli only five faults are indicated, generally parallel to the coast. The plot is overlain
on Global Mapper® daylight shaded relief from a UTM projection (Zone 37) of the 90 m SRTM.
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Fig. 1.6.14. Continuous single channel seismic profile No. 12 obtained mid-November 1982 off Ras Beirut. See Fig. 16.3a for location. Source was a 300
in’ airgun with the signals received on a SECO tapered array, conditioned by a Del Norte Model 502 Seismic Amplifier, and recorded on an EPC

Model 4100 19” graphic recorder. Note the very steep nature of the continental margin, and the strong reflector at depth marking the top of the
Messinian salt reflector.
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Fig. 16.13. More detailed shaded relief topography of the area between Tel Aviv and Tripoli. The 25 m DTM of Israel is overlain on the (SRTM corrected)
30 m ASTER data of Fig. 16.8, which overlies the 90 m SRTM data, together with the corrected bathymetry of the eastern Mediterranean from the
50 m contours of Hall (1994). The projection is UTM for Zone 36, and the pixel size is 50 m. This image shows, perhaps better than ever before, the
configuration of the bend in the Dead Sea Transform and the myriad E-W trending canyons and faults. The trace of the Roum Fault is clearly seen,
apparently entering the Mediterranean along the western flank of Ras Beirut.
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Based on a compilation of swath data collected between 1992
and 1998 in the Eastern Mediterranean Sea, we present (Fig. 16.5)
and briefly discuss below a shaded color morpho-bathymetric map
of the entire area from the Ionian abyssal plain in the west to the
continental margin off Cyprus in the east (Loubrieu et al., 2000).
This compilation has been promoted by J. Mascle, chairman of the
CIESM Marine Geosciences Committee, and jointly published in
2000 by CIESM and IFREMER.

The various multibeam bathymetric datasets have been
collected using the same Simrad EM12 Dual system, operated by
Ifremer technical teams on board the R/V L’Atalante, during four
successive surveys. The data have kindly been provided by:

1) The Geosciences Departement from Ifremer-Brest (HERALIS
survey across part of the Ionian sea in 1992; Chief scientist J. -P.
Foucher);

2) Laboratoire de Géologie, Ecole Normale Supérieure de Paris
(MEDEE survey in 1995; Chief scientists X. LePichon and N.
Chamot-Rooke);

3) The Center for Marine Earth Science, Free University,
Amsterdam (ANAXIPROBE survey, Chief scientist J. Woodside});
and

4) Géosciences-Azur, Observatoire Océanologique, Villefranche
sur Mer (PRISMED 2 survey, Chief scientist J. Mascle).

Data processing was undertaken by each individual laboratory
for its own scientific research using the Caraibes software
developed by IFREMER. A global DTM, with a grid spacing of

500 meters, has later on been created by the Ifremer Geosciences
Cartographic office under the supervision of B. Loubrieu.

The resulting map, at a scale of 1/1,500,000 (Mercator
projection at 35°N), for the first time illustrates at this level of
detail a brand new picture of the deep Eastern Mediterranean sea
basins. The results of multibeam echosounding have changed our
knowledge of the different geological processes (sedimentary,
tectonic, geochemical) shaping the deep sea basins

The main morphologic features seen on this map consist of
the following:

a) A wide (about 200 km on average) and elongated (about 1500
km) bulge, called the Mediterranean Ridge, runs from west to
east between the European and African continental margins. This
ridge, whose depths vary between 3000 meters (in the Ionian
basin; Nielsen, 2003) and less than 1300 meters (just north of
Libya; Huguen, 2001), is the bathymetric expression of an actively
deforming sedimentary wedge, which itself results from the stages
of convergence/subduction/early collision between the African
lithosphere and the southern border of the European Plate. The
ridge is stongly deformed by a dense system of folds (particularly
well developed south-east of Crete), a complex network of active
faults, and by thusts. Moreover, the feature being strongly squeezed
between the two bordering and rigid A frican and Aegean continental
margins, is releasing important quantities of fluids escaping on the
seabed, together with massive undercompacted mud emissions. Asa
consequence, wide mud flows, numerous scattered mud volcanoes,
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and other mud/fluid/brine releasing features can be detected on the
ridge sea floor. )

b) Eastward, south of the. island of Rhodes and sou}h of
Turkey, the Mediterranean Ridge connects through a series of
faulted blocks, recently detached from southern Turkey. These
are known as the Anaximander mountains; (Zitter, 2004), with
another, smaller and arcuate line of relief, the Florence Rise. This
rise, partly inherited from previous subduction processes, now
constitutes a structurally active transcurrent relay with the ongoing
starting collision between the Afican margin and the island of
Cyprus; mud volcanoes, indicating also msasive fluid expulsions,
characterize the whole area between southern Turkey and western
Cyprus.

¢) The flat-topped Erathostenes Seamount can be seen south of
the island of Cyprus. Less than 1 km deep, it was once part of the
African mainland. This feature, in collision with the island, bounds
the northeastern domain of the Egyptian continental margin.

d) The Nile Deep Sea Fan is the submarine extension of the
Nile terrigenous construction. It results from the progressive piling
up of erosional sediments transported to the sea by the Nile River,
and constitutes the most prominent sedimentary construction along
the African continental margin of the entire Mediterranean Sea
(Loncke, 2002). A map of the Nile Deep Sea Fan shows (Sardou
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and Mascle, 2003) a rather complex morphology. In its western
area, off Alexandria, this is mainly from the interaction of important
active terrigenous transports. In the central domain there are giant
sedimentary collapses, well-expressed by large failures, while
mostly in the eastern sector there are active gravity tectonics due
to progressive gliding of the underlying salt-rich layers. And finally
mud volcanoes express abundant release of subbottom fluids.

e) Off of Libya the continental slope appears quite narrow
(averaging only 30 km); this can be considered as a geological
artifact since most of the original continental margin is now
tectonically overthrusted by the southward growing Mediterranean
Ridge.

f) The continental margin off Pelopponesus and Crete consists
of a series of massive faulted blocks and deep tectonic troughs
reflecting the intense cutting by active faults related to extensional
activity in the Aegean Sea.

The shaded hypsometrically colored bathymetric map shown
here is now under revision. New multibeam data collected since
1998, particularly along the Egyptian margin, the Levantine margin,
and in several restricted areas of the Aegean Sea, are being addedd.
A new upgraded version will soon be published by IFREMER
and CIESM within the series «Maps and Atlas» (knowledge and
exploration of the Deep Mediterranean Sea).
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HMS Lightning, the first of the wooden paddle gunboats,
launched in 1823. It had a 100 hp steam engine, 3 guns
and a draft of 7 feet (Ritchie, 1967). This 1:96 scale
model was built by Captain John Roe, DSO, OBE, RN
around 1979, at Mary Tavy, Devon, England. This is the
same design as that of HMS Firefly (see inset, Figure
16.1). Image (copyright holder unknown) downloaded
from the National Maritime Museum (Greenwich,
England) website at http://iwww.nmm.ac.uk/collections/
collectionsDetail.cfm?ID=SLR0709.
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Group photo of the attendees at the Eighth Session of the IOC Editorial Board for the International Bathymetric Chart of the
Mediterranean (IBCM-EB) and its Geological-Geophysical Series in Kaliningrad, Russian Federation in September
1999. Front row, right to left: Prof. Emelyan M. Emelyanov (ABIORAS), Prof. Carlo Morelli (Chairman, IBCM), Capt.
Andrei Popov (HDNO), Dr. Kazimeras M. Shimkus (SBIORAS), Mr. Dmitri Travin (I0C), and Dr. Pavel N. Kuprin
(MSU). Back Row, right to left: Mr. Giannis K. Papaioannou (HNHS), Ing. General Patrick Souquiere (SHOM), Ing.
en Chef Michel Huet (IHB), and Dr. Troy L. Holcombe (NGDC). The meeting was held 1-4 September aboard the
historic research vessel Vitiaz. Information on the Vitiaz, then celebrating her 60th birthday on display at the Museum
of the World Ocean in Kaliningrad, may be found at www.vitiaz.ru/engish/vitiaz.html.

Drs. Emelyanov, Shimkus, and Kuprin are the authors of the IBCM-SED bottom sediment compilation in Chapter 17.
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PREFACE

The IBCM-SED map (Figure 17.1) was compiled within the
cooperative international program supported by the Intergovern-
mental Oceanographic Commission (I0OC) of UNESCO. The map
is a part of a series of geological/geophysical overlay sheets for the
International Bathymetric Chart of the Mediterranean (and Black)
Sea (IBCM) at 1,000,000 scale (Morelli and Val’chuk, 1988), which
also included Bouguer Gravity (IBCM-G), Magnetics (IBCM-M),
Seismicity (IBCM-S), and Plio-Quatemnary isopachs/structural
contours (IBCM-PQ). The compiling of the map consisted
not only of generalization of existing studies but also involved
collecting new data including the analysis of unconsolidated
sediments (Tables 17.1, 17.2, and 17.3). The primary set consists
of ten sheets at scale 1:1,000,000 for the Mediterranean (with the
Black Sea on Sheet 5 at a scale of 1:2,000,000). All ten sheets were
photographically combined without generalization into a single
sheet at scale 1:5,000,000 for the Mediterranean (Emelyanov and
Shimkus, 1990), and this is reproduced in Plate IV,

Compilation of the map was entrusted to scientists Dr. Prof.
E. M. Emelyanov and Dr. K. M. Shimkus of the USSR (later
Russia) by the IBCM Editorial Board, with participation of Dr.
L. S. Chumakov (1980-1982) and later Dr. Prof. P. N. Kuprin.
Work on the map began in 1980 with requests to scientists in other
countries for contributions of sedimentary data. Collection of this
data progressed very slowly, due in' large part to the isolation of
the principal investigators. A considerable amount of time was
devoted to adopting a legend for the map, especially the choice of
a.classiﬁcation for the bottom sediments according to their grain-
size cpmposition. Eventually the legend suggested by Emelyanov,
Kuprin and Shimkus (1986) was accepted. Granulometric types
were §hown in accordance with Folk’s triangle (Folk, 1974), while
genetic types were indicated according to the scheme suggested by
the authors.

.V.Ve appreciate the contribution of the many scientists who
Participated in our joint work on this map. They provided a

considerable amount of analytical data as well as overlay sheets for
a number of regions on the shelves of the Mediterranean Sea.

Many published works (Table 17.2) were used for compiling
the map. However, because they were often based on different
principles and classifications, this caused certain difficulties in the
transfer of the data in accordance with our adopted legend, due to
the absence of precise analytical data. We realize that the relatively
small scale (1:1M) for the maps requires more detailed material for
all areas, and primarily for the dissected slopes and morphologically
complex central and peripheral ridges of the eastern Mediterranean,
Tyrrhenian, and Alboran Seas and the Aegean archipelago.

Below we present the new bottom sediments compilation for
the Mediterranean and Black Seas. We would value constructive
criticism from readers, and would hope that scientists would
contribute additional data to improve any future compilations.

THE BASIS FOR THE IBCM-SED MAP

The Methodological Basis for Compiling the Map

The map gives, in a general way, a maximum amount of
information about the genetic and granulometric types of sediments.
It was very important to arrive at a common classification for both
the shallow water and deep sea sediments. In the past, and at present,
both types have been mapped according to different principles of
classification. Our first priority was to eliminate these differences
in interpreting the sediments of the Mediterranean and Black Seas.
The authors’ new legend helps to solve these problems and ease
the difficult and in some cases impossible task of comparing the
rapidly increasing volumes of new data, especially for the near
shore areas.

The IBCM Editorial Board recommended the use of Folk’s
triangle (Folk, 1974, Fig. 1) for classifiying sediments according
to grain-size composition. It was chosen because it best reflects the
natural transitions and granulometric differentiation of sedimentary
material, and has an advantage over the granulometric classification
developed by Bezrukov and Lisitzin (1960) of the P. P. Shirshov
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@ Series photographically reduced 1o 1.5.000,000 scale from the onginal
by Dr. John K_Hall, Geological Survey of Israel, Jerusalem, Israei

Figure 17.1: IBCM-SED. The Unconsolidated Bottom Surface Sediments Map of the Mediterranean and Black Seas. Reduction to 1:10,000,000. The legend is
reproduced in greater detail in Figure 17.8.
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Table 17.1: A list of main expeditions of the USSR (or Russia) in the Mediterranean Sea

Vessel Vessel’s index Ve§sel’s index Year Region
as on a map as in data base

Akademik S.Vavilov Va ASV 1959-1961 M.S.
Akademik S. Kovalevska K AK MS.
Rift R R
Vytyaz (I) Vy v 1979 M.
Vytyaz (1) Wy A1) 1986 TS.
Akademik Mstislav Keldysh AMK AMK 1988-1990 TS.
Akademik Nikolaj Strakhov ANS ANS LS.
Moskowsky Universitet MU MU 1973:1991 M.S.
Michail Lomonosov ML ML EM.
Akademik Petrovsky P AP M.S.
Akademik Orbeli ORB ORB
Choumakov Chu Chu
Miklucho Maklay MM MM

ING ING

Ak Ah

Sh Sh

Note: M.S. —all Mediterranean Sea; T.S. — Tyrrhenian Sea; L.S. — Levantine Sea; E.M. — Eastern Mediterranean.

Institute of Oceanology of the Rusian Academy of Sciences
(IORAS), since it better defines the granulometric profile.

Figure 17.2 clearly shows that some sectors of Folk’s triangle
include different granulometric types, which can be distinguished
according to the IORAS classification. Because some types are
confined to certain sectors of the triangle it is possible to graphically
transfer between these classifications. The same applies with
Shepard’s (1954) triangle. We made such transfers in cases where
analytical data were absent. If enough analytical data existed,
the contents of various fractions were determined by making
cumulative curves and then placed in the proper position within
Folk’s triangle.

A special ‘Fraction’ program was written to convert the
Wentworth (1922) grain size classification (with steps of 2 and
2) used in Russian sediment analysis laboratories. All analytical
results were kept in a data base in the Atlantic Geology Department
of the Atlantic Branch of IORAS (ABIORAS), in Kaliningrad,
Russia. After determination of the fractions the Md histogram and
coefficient of sediment sorting (So) are automatically calculated.

The ‘Fraction’ program classifies the sediments according to
Folk’s triangle which differentiates between: 1) sand, 2) silty sand,
3) clayey sand, 4) sandy silt (aleurite), 5) sandy mud, 6) sandy clay,
7) silt (aleurite), 8) mud (silt and clay), and 10) clay (Fig. 17.2).
The genetic sediment types were quantitatively distinguished on
the basis of CaCO,, me, Fe, and Mn contents using the accepted
gradations in the legend (Table 17.4). In addition semi-quantitative

microscopic examination estimated the content of volcanogenic,
foraminiferal, and coccolithic material, shell detritus of malacofauna,
and authigenic minerals, concretions, and nodules.

The well-known ore-manifestations in the Black Sea connected
with Fe-Mn nodules were not specially defined for their mineral
peculiarities. That is why this specific type is not identified on
the map. The legend also does not include the different types of
hydrothermal ore-manifestations in the Mediterranean Sea, since
the results of the detailed investigations on some Tyrrhenian Sea
seamounts were not then available.

The authors distinguish the following types of sediments
according to the updated IORAS classification:

terrigenous - >50% of terrigenous material;

biogenic - >50% of biogenic (mainly carbonate) material;

volcanogenic - >50% of volcanogenic (mainly ash) material;

chemogenic - >50% of chemogeneous (mainly carbonate)
material.

In the presence of >90% of genetically homogeneous material
the sediments are called ‘pure’ terrigenous, ‘pure’ biogenic etc.

If calcareous biogenic remains predominate, then the following
types of sediments are distinguished: shelly, foraminiferal,
coccolithic  (nanno-), foraminiferal-coccotithic, pteropodal,
pteropodal-foraminiferal, etc.

Genetically nonhomogeneous (mixed) sediments get more
complex names e.g.: biogenic-terrigenous (>>50% of terrigenous,
1040% biogenic material), terrigenous-biogenic (>>50% of
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Table 17.2: List of the data used in compiling the map
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Polygon (see Fig. 17.4) Kind of Material ~ Author
M-48, M-56, M-35,M-41,M-42, M- | Spain (A. Maldonado) - Sediment Types and CaCO, .
42E, M-84, M-85. of the Continental margins of Spain. A. Maldonado et al., 1982-1992
Vr-1 - Saronikos Bay Greece (S.P. Vamavas) - Sediment Types, Cu, Fe Hopkins, Grimanis et al., 1983.
Vi1 - Zakynthos Strait Sediment types Ferentinos, Collins et al., 1985

Vi-I1I - Karinthiakos Bay

Stations, sediment types, CaCO,, Fe, Mn.

Vamavas, Ferentinos, Collins, 1986

Vr-IV - Navarino Bay

Map of the stations. Fe, Mn, Ca, C g

Varnavas et al., 1984

Vr-V - Kalamata Bay

Map of the stations. Mn, Fe, Ca

Varnavas et al., 1984

. ——

Vr-VI - Patraikos Bay

Station, Sediment types. Fe, Mn, Ca, Cax

Varnavas, 1981, 1984, 1989; Varnavas and
Ferentinos, 1983

Vr-VII - Gulf of Amvrakia

Sediment types.

Piper, Kontopoulos, Panagos, 1983

Vr-VIII - Thermaikos Bay

Sediment types. Fe, Mn, CaCO,,C_

Baseline, 1983; Lykousis et al., 1981.

Vr-IX - Strimonikos Bay

Coordinates. Sediment types. Fe, Mn, Ca, Cm

Konispolitatis, 1984

Vr-X - Pagasitikos Bay

Map of sediment. Fe, Mn, Cag

Voutsinou-Taliadouri, Satsmadjis, 1982

R/V ‘Bannock’, 1983; Cruise ‘Mediba, 83’

Eastern Mediterranean Coordinates, CaC0,, C,_ Varnavas and Papaioannou
P-1 Sediment types, CaCO, C. Papavasiliou
Br-1 - Northem Adriatic Sea m“m‘&cﬁiém?g@“’s“’ Swtions, |, Brambati
Adriatic Sea Stations, CaCO,, C - A. Brambati
Br-11 - Southern Sardinia Stations A. Brambati
Cretean Sea Stations A. Brambati
C-I - Gulf of Oran France (A. Monaco) - Sediment Types Caulet, 1972
C-1-Gulf of Oran Sediment Types Caulet, 1972
c-m Sediment Types Caulet, 1972
L-2 - Gulf of Gigeli Leclaire, 1968, 1972
MB-I (izgrzne::; ,C(?:Fflz'n]ﬁ:) II:')iargm Sediment Types (map) gl\'.GI\:znla;:;);(Got etal, 1971)
B-I - Sea of Pelagienne Sediment Types Burollet et al., 1979
K-S-1 USA - Sediment Types Kelling, Stanley, 1972a, b

N-I - Shelf of Israel

Israel - Sediment Types. CaCO,

Nir, 1973, 1984

biogenic, 10-40% of terrigenous); volcanogenic-biogenic-
terrigenous; pyroclastic-hydrothermal; hydrothermal-pyroclastic
etc,

Sources of the Data in the IBCM-SED Map

Mediterranean Sea.

~ TheSouthemBranchofthe Institute of Oceanology (SBIORAS)
in Gelendjik began carrying out geological-geochemical research
in the deep areas of the Mediterranean Sea in 1959 (Emelyanov,
1961), and have continued until the present together with the
Atlantic Branch of the Institute of Oceanology (ABIORAS). These
mvestigations constitute the backbone of this project (Emelyanov et
al, 1979; Emelyanov and Shimkus, 1986).

Data about the deep-sea sediments in all basins of the
Mediterranean Sea came from the expeditions of R/V ‘Akademik
S. Vavilov’. During the past decade the IORAS ships R/V “Vityaz’,
‘Rift’, and ‘Akademik Mstislav Keldysh® carried out detailed
geological work in the regions of the seamounts and volcanoes in
the Tyrrhenian Sea. R/V ‘Rift’ performed similar research on the
positive structures of the African-Sicilian Sill. Some regions in
the Mediterranean Sea were studied by expeditions of Moscow
State University, and the Geological Institute and Vernadsky
Institute of Geochemistry and Analytical Chemistry of the Russian
Academy of Sciences. Material was also collected during dives of
the submersibles ‘Argus’ and ‘Mir’ on the ridges and mountains
(Baroni, Marsili, Palinuro, Verchelli) of the Tyrrhenian Sea (Table
17.1).
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Table 17.3: List of Authors who contributed data for compiling the map.

Country Authors Material Sent
Turkey M. Ergiin, K.E. Izdar Papers, analysis, maps
France A. Monaco, G. Bellaiche, P. F. Burollet, P. Clairefond, E. Papers, maps of Lion Gulf, Lasur shore, Gulf of Gabes, the
Winnock, C. Duboul-Razavet Pelagian Sea (the book)
F. Fabricius, W. Heike, U. Von Ro, H. Oektzchener, R. Papers (Otranto strait, Manfredonija Gulf, Eastern part of
Germany . .
Hesse, W. Sige Ionian Sea)
S. Vamavas, C. Perissoratis, G. Ferentinos, V. Lykousis, G.
Greece Chronis, S. Stavrakakis, Chr, Ana u, C. Papavasiliou Maps of the harbors, papers of the north part of Aegean Sea
England G. Evans Papers
P. N. Kuprin, V. M. Sorokin, V. L. Luksha,
Russia Original data
A. S. Polyakov, V. G. Shiikov.
“Technical Report”, 1965. Shelf of Israel. Grain-size
Israel D. Neev, Y. Nir distribution map, PhD. Thesis, 1973, 1984. The same map (as
D. Neev). Tables of sediment types: CaCO,, silicate analysis
M.Sc. thesis. CaCO, in the Nile delta sediments, map of the
Egypt M. A. Mohamed (1968), A. A. Khafagy sediment types. Tables of grain-size distribution of the Nile
delta.
. Tables of sediment types: CaCO,, C,_, MgCO,, K, Na, Fe,
Taly A. Brambatt Cu, Zn, etc. (Adriatic, Cretan Basin).
. Shelf of Spain. Scheme of sedimentological parameters.
Spain A-Maldonado Some publications. 3 sediment maps

Regional and detailed lithological-geochemical investigations
in the Mediterranean Sea were also carried out by research vessels
from a number of countries e.g. USA (R/V ‘Atlantis’, ‘Chain’,
‘Pillsbury’, ‘Vema’, ‘Robert D. Conrad’), Italy (R/V ‘Bannock’);
Germany (R/V ‘Meteor’), United Kingdom (R/V ‘Shackleton’,
‘Discovery’), etc. (see 1:5M scale map on Plate IV). ‘The Atlas
of Studies of the Mediterranean Sea’ (1990), published in Russian
and English, gives an overview of the status of these lithological-
geochemical studies by 1980, when the major portion of the regional
data was obtained.

The Russian expeditions obtained very little data in the shallow
areas of the Mediterranean. These areas were mapped mainly with
the aid of published materials, which included D. J. Stanley’s (1972)
book ‘The Mediterranean Sea’, as well as other reports. We also
used the results of special geological surveys in the shallow waters
of Spain, Italy, Greece, and Israel thanks to the participation of our
colleagues A. Maldonado, A. Monaco, A. Brambati, S. Varnavas,
C. Papavassiliou, Y. Nir and others in compiling the corresponding
sheets of the maps (Tables 17.2 and 17.3; Figs. 17.3 and 17.4). A
very limited amount of American and German data were used in
compiling the bottom sediment map, since neither American nor
German scientists participated in the compilation.

The Black Sea.

The map of Black Sea bottom sediments was mostly compiled
according to data obtained by the SBIORAS in numerous regional
surveys aboard R/V ‘ Akademik S. Vavilov’in collaboration with the

Geological Faculty of the Moscow State University. In some areas
we have also used the results of detailed investigations obtained
during expeditions of the old ‘Vityaz’ and the new “Vityaz II’. For
the Bulgarian shelf we mostly used published data of Russian-
Bulgarian investigations (Kuprin, 1980, 1988; Shtcherbakov et
al., 1978; Sorokin and Shevchenko, 1980). Published data from
American surveys aboard R/V ‘Atlantis II’ (Ryan and Heezen,
1965), and from Ukrainian and Turkish expeditions (Yaramar et al.,
1992) have also been taken into account (Melnik and Demediuk,
1984; Demediuk, 1984).

The contribution of the different countries and authors to the
map are listed in Tables 17.2 and 17.3 as well as on the map itself.
The different maps published by these authors were reworked by us
and converted to the necessary classification and scale.

LABORATORY INVESTIGATIONS

Wet samples of the sediments were packed in glass or plastic
containers (or core-liners) for grain-size analysis. The analyses were
made under hydro-mechanical conditions. The >0.05 mm fractions
were dried (Temp ~100-110°C) and were sieved, while the <0.05
mm fractions were added to water, the density of the suspension
being measured with the help of a float and special weights and the
fractional content calculated according to a nomograph (Prokoptsev,
1964; Emelyanov, 1975). Thus the fractions are in a decimal
classification system which was used throughout the USSR i.e. >1;
1-0.5; 0.5-0.25; 0.25-0.1; 0.1-0.05; 0.05-0.01; 0.01-0.005; 0.005-
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I Folk’s 1974 classification
II Russian classification
1 - sand (Emelyanov, 1975)
2 - silty sand

3 - muddy sand
4 - clayey sand

A -1-sand
X -2 - coarse aleurite (silt)

5 - sandy silt < -3 - fine aleuritic mud (fine silt)
6 - sandy mud 0 -4 - aleuro-pelitic mud

7 - sandy clay @ -5 - pelitic (clayey) mud

8 -silt

9 - mud

10 - clay

/ 10

Clay Silt
Folk’s (1974) triangle and position of samples classified according to
Russian classification (Emelyanov, 1975)

Sand+gravel

Clay Silt Clay Silt
F. Shepard’s Folk’s (1974) and Shepard’s
triangle triangles

Figure 17.2: Folk’s (1974) triangle, used in the present classification of granulometric sediment types in the Mediterranean and Black Seas. The granulometric sediment types,
according to the Russian classification (IT), are shown inside Folk’s triangle (). All previous Russian sediment maps were compiled according to classification I. Below
is Shepard's triangle (IIT) and an overlay of Folk’s triangle on that of Shepard (TV). These last triangles helped to convert all the maps of Maldonado et al. (1982-1992)
compiled according to Shepard’s classification, to Folk’s classification.

0.001; and < 0.001 mm. from samples collected from the surface layer of the sediments,
. which was usually 3, 5, 10, and rarely 25 cm in thickness. The age of
CHARACTERISTICS OF THE IBCM-SED MAP samples in most cases is not older than Upper or Middle Holocene,

i.e. 3-7 thousand years. One could obtain more precise data on
The age of the surface sediments the age of samples using the Holocene sedimentation rate scheme

of Shimkus (1981) or via "*C age determinations (Kuptsov et al.,
The Mediterranean Sea. 1981). From the above, one could conclude that in the sedimentary

Thebasic characteristics of the bottom sediments were obtained  basins where terrigenous or heterogeneous low-calcareous muds
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Table 17.4: Genetic sediment types of the Mediterranean and Black
Seas

Content of Component Type of Sediments
<10% of CaCO, Non-calcareous
10-30% of CaCO, Low calcareous
30-50% of CaCO, Calcareous
50-70% of CaCO, Carbonate
70-90% of CaCO, High carbonate
>90% of CaCO, Pure carbonate
Low sapropelic
3-5%of Cpy (or saprgpe};iiic)
5-10% of Cmg Sapropelic
>10% of Cmg Sapropels
6-10% of Fe Low ferruginous
10-20% of Fe Ferruginous
0.2-5% of Mn Low manganese
>5% of Mn Manganese

predominate (the Alboran, Algerian-Provence, Tyrrhenian, and
Marmara Basins, the northern area of the Central Basin, Pre-Nile
and Pre-Anatolian areas of the eastern Mediterranean Basin etc.)
the age of the studied samples is about 1000 years or less.

In the areas of calcareous and high-calcareous oozes (central
and near-African zones of the Central and Eastern Basins) the age
can be 3-5,000 and more rarely 7,000 years. Among the analyzed
samples collected by the Russian expeditions, several hundred were
selected from the cores, on which biostratigraphic investigations or
absolute age dating were performed. The approximate age of the
sediment samples was determined using age marker horizons such
as volcanic ash, pteropod ooze, and sapropelitic mud.

Biostratigraphic (foraminiferal) analysis and geochemical
(**C) studies of cores of the upper Quaternary sediments showed
that in some cases the surface layer was represented by neither
Recent nor Holocene sediments. On the bottom various sections of
the Upper Pleistocene are exposed and in some places more ancient
sedimentary or volcanic rocks are found. This is true for shelves (for
example, near the coast of Spain), slopes of underwater highs, tops
of some seamounts, walls of submarine valleys, continental slopes,
and the East Mediterranean Ridge. The steepest slopes of these
areas are often deprived of loose sediments and hence bedrock of
different ages from the Neogene to Mesozoic periods are exposed.
This was revealed by dredging and deep-sea drilling. However, the
area of the exposed bedrock is relatively small and random dredge
sampling is insufficient to delineate all such exposures. However
the real picture of the almost ubiquitous areal distribution of recent
sediments should not be distorted by such chance findings of
bedrock.

Along the periphery of large abyssal basins (the Algero-
Provence, Tyrrthenian, Central, Herodotus) and in the bathyal
deeps, the sedimentary layer is almost constantly increasing due

E. M. Emelyanov, K. M. Shimkus, and P. N. Kuprin

to turbidites. Thus, within the valleys the surface sediments are not
coeval, though their age differences over the area are less significant
then in morphologically dissected regions. Absolute dating and
biostratigraphic research carried out in a number of shallow water
areas (Aloisi et al., 1975) of the marginal shelf zone (i.e. Bay of
Lion, Catalonian, Algerian, Pre-Nile regions) has revealed relict
sediments, coastal remnants of the last glacial regression.

The Black Sea.

The authors mostly used the results of analyses of samples
collected from the top 0-5 cm horizon. Rarely did the thickness
of the studied horizon reach 10 cm, and up to 25 cm only in those
cases where the sediments seemed lithologically homogeneous, as
initially described.

Overthe total area of deep accumulation continuous stratigraphic
sections of Holocene sediments are revealed by biostratigraphic
subdivision of sediments (performed according to palynological
analysis - Shimkus et al., 1973, 1979; Kuprin, 1980, 1988), absolute
dating by “C (Shimkus et al., 1975; Ross and Degens, 1974), and
lithological horizon markers. Nevertheless gaps exist throughout
the entire Holocene in many areas on the Anatolian and Caucasian
continental slopes (Shimkus, Komarov et al., 1979, Emelyanov and
Shimkus, 1962). Vast exposures of Early Cenozoic and Mesozoic
rocks are found over the Crimean, Anatolian, and Caucasian slopes
(Shimkus et al., 1978, 1979; Shtcherbakov et al., 1977).

The minimum late Holocene sedimentation rates were
estimated in the deep-sea chalystatic areas [abyssal areas without
strong deep-sea currents), in which high-calcareous biogenic oozes
enriched in organic matter are accumnulated. A considerable increase
in sedimentation rate (ten times) is observed around them, and in the
vicinity of the continental slope. Thus, if in chalystatic areas the age
of sediments (0-5 cm layer) can reach one thousand years it can only
be several hundred years on the periphery. Hence, the age of the 0-5
cm layer in chalystatic areas will correspond to the age of the 10-25
cm (and more) layer near the continental slope.

Shallow water Holocene sediments occurring below 40 m depth
over the vast shelf area have well marked lithological horizons, the
stratigraphic meaning of which was defined according to mussel
complexes, palynological data, and “C datings on the shelf of
Bulgaria, Ukraine, and Russia (Shimkus et al., 1979; Shtcherbakov
et al.,, 1978; Kuprin, 1980). Stratigraphically, the studied samples
from this vast area can thus be confidently related to the Upper
Holocene period, as seen in their lithological and faunistic features.
It is difficult to determine the age for the shelf area shallower than
30-40 m without special studies. Here the bottom surface is mostly
covered by Recent (late Holocene) sediments. More ancient deposits
are present in some banks and underwater continuations of spits. In
some places relict sediments outcrop at the edge of the Crimean,
Bulgarian, and Turkish shelves. They correspond to the last glacial
epoch and are of Chaudian age (0.7 million years).

Reliability of the spatial distribution for various types of recent
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Figure 17.3: An example of two detailed sediment maps based on Shepard’s triangle converted to the Folk’s classification (the larger map) at two locations in the Alboran
Sea.(Fig. 17.4 shows the overall locations of polygons MB-1 and M-42). The legend is given according to Folk’s triangle.

sediments

The Mediterranean Sea.

The spatial distribution of the various types of surface
sediments on the deep abyssal plains is relatively simple due to
the nature of their deposition. Detailed investigations have been
carried out on a number of polygons on the Calabrian slope, East
Mediterranean Ridge, and the Hellenic trenches which revealed
a variety of types of surface sediments, connected with erosion,
turbidites, and exposures of more ancient rocks. Thus these
rt?sults have been used to give a general picture of the most likely
distribution of these sediments on such morphologically dissected
areas. In addition, small deeps were also discovered on the East
Mediterranean Ridge. They are filled with highly saline waters
due to Messinian salt dissolution (e.g. Bannock, Tyro Basins and
others). Recent sedimentation in these small deeps occurs under
anoxic conditions, caused by water stratification in the near-bottom
layer (Cita et al., 1989; Emelyanov, 1992).

In the Tyrrhenian Sea, our detailed investigations, using the
Sllbmersibles ‘Argus’ and ‘Mir’ and other devices for undersea
observations, testify as to the complicated distribution of the
surface sediments, including barren bedrock outcrops on the
surface of underwater volcanoes and seamounts of non-volcanic

origin. Though the amount of data available for the Aegean Sea
(IBCM-SED Sheet 9) was considerably greater, we will require
much more data to compile a detailed map. This archipelagic
sea demands additional attention for the areas around the many
islands, and between them, and the straits with differing widths
and depths.

As far as the shallow water areas are concerned, we can only
be confident about those regions mapped using detailed data. The
fact is that the real picture of the spatial distribution of the bottom
deposits over the shelf is very complex and changes from one
region to another, which is demonstrated by the large inset maps.
The Pre-African shelf in the Central and Eastern Mediterranean
and the regions near the islands in the Aegean Sea appeared to be
the least studied.

The Black Sea.

The map of bottom sediments (at scale 1:2,000,000) is good
enough for both the deep-sea area and for the western, north-west,
and northern areas of the shelf. The Anatolian shelf is characterized
by numerous gaps as no detailed data were available to the
compilers. For the Anatolian slope, we used the results of thorough
lithological investigations carried out by IORAS, SBIORAS and
by Ukrainian scientists (Demediuk, 1984; Melnik and Demediuk,
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Figure 17.4: The location of the Polygons studied in detail (see Table 17.2).

1984), and Moscow State University (Kuprin, 1980; Kuprin et al.,
1988; Shlykov and Luksha, 1980).

THE MAIN SEDIMENTATION FEATURES

The Mediterranean Sea

The main features of the recent sedimentation in the
Mediterranean Sea are a product of its tectonic and morphological
structure, climatic conditions, characteristics of water exchange
with the ocean, and hydrological and hydrochemical structure.

Tectonics. The Mediterranean Sea includes the submerged
edge of the African Platform and a complex region of Alpine
folding, characterized by active neotectonic movements and recent
volcanism. The south-eastern part of the Tyrrhenian Sea and the
South Aegean region is typical. Here great volumes of pyroclastic
material were erupted in pre-historic and historic time from
powerful centers of recent subaerial volcanism at the Apennine
coast of the Tyrrhenian Sea. These pyroclastics were also dispersed
beyond the Tyrrhenian Basins. Underwater volcanoes within the
deep basin, such as those of Marsili, Palinuro, and the Lipari
group, display hydrothermal activity which constructs sedimentary
formations. The eruption of Santorini volcano 3,300 years ago has
revealed hydrothermal sedimentary ore in the sunken caldera.

Underwater volcanoes bring chemical elements into the deep-
water basins of the Tyrrhenian Sea. They are mainly introduced
by active creep of sedimentary material formed over a great

range of depths and its accumulation at the base of the mountains.
Clastic substrate materials are also produced. Almost the entire
Mediterranean Sea is affected by neotectonic movements but they
are most intensive in the Tyrrhenian and Aegean Basins and also
in the deep-sea basins adjacent to the East Mediterranean Ridge.
These movements rejuvenate ancient abyssal fractures, fissuring
the bottom, producing new bedrock outcrops, and increasing
hydrothermal activity. Anoxic basins are formed where these
movements squeeze out brines from the Messinian salt, thus
producing anomalies in what is otherwise a normally aerated sea
basin.

Earthquakes connected with neotectonic processes break
loose great masses of sedimentary material which shamp downhill
and are redeposited as turbidites. Tsunamis resulting from these
earthquakes and slumps also play a great part in redeposition of
bottom material. Tsunamis have also been held responsible for the
accumulation of thick ‘homogenite’ layers at different hypsometric
levels in the Central and Eastern Mediterranean deep sea basins
(Cita et al., 1989).

Morphology. The Mediterranean Sea is divided into several
sedimentological basins, characterized by different morphological
bottom structures, and to some extent morphologically isolated.
Shallow sills divide the Algerian-Provence Basin from the Central
Mediterranean, the Aegean from the Eastern Mediterranean, and
the Marmara from the Aegean.

The Algerian-Provence Basin has the largest abyssal plain



IBCM-SED - Recent Sediments of the Mediterranean and Black Seas

in the Mediterranean, followed by‘ the Central Meditenanean
Basin. The bottom is most}y uneven in the Eastern Med1tep‘anean
Basin, with the East Mediterranean Ridge and the Hellemc zone
comprising the greater part of the small deep sea basins. ‘

The Tyrrhenian, Alboran, and Aegean Basins are characterized
by small flat areas. In most cases flat leveled areas are created by
turbidite sedimentation, with pelagic sedimentaftion playing a minor
role in the total input of sedimentary material. The turbididites
consist mainly of heterogeneous river material transported to the
deep-sea region via underwater valleys in the Algerian-Provence
Basin, and in the Herodotus Basin. Turbidites are mainly triggered
by earthquakes which break loose great blocks of accumulated
material (volcanogenic, biogenic, terrigenous) at different depths in
the Tyrrhenian and Cretean Basins. In small deeps turbidites cover
the whole bottom surface while in large deep basins they are more
concentrated in the peripheral parts of the abyssal plains.

Climate. The Mediterranean Sea is situated in different
climatic zones: the southern region of the eastern Mediterranean
is located in the arid subtropical zone, while the remainder is in
a semiarid and a moderate humid zone. This explains the more
intensive supply of river material from the areas draining into the
Algerian-Provence, Tyrrhenian, Adriatic, and Aegean Basins.

The eastem Mediterranean is peculiar in that mainly eolian
material is supplied from almost the whole of the southem arid
drainage system, which also hosts the biggest river flowing into
the Mediterranean (the Nile), whose source and water resources lie
in the equatorial zone. Its detrital deposits control the terrigenous
sedimentation in the south-eastern part of the Levantine Sea
and to some extent even beyond (Emelyanov, 1994). This river
creates a peculiar oasis of intensive terrigenous sedimentation in
the ‘desert’ zone of the eastern Mediterranean. The terrigenous
sedimentation is much weakened beyond this oasis, especially
along the African coast to the west and the central regions of the
eastern Mediterranean. On account of this a favorable situation for
pelagic sedimentation appears, as the sediments are extremely poor
in terrigenous material.

The terrigenous sedimentation in the Mediterranean Sea is
mainly controlled by supply and spreading of the shore drifts of
some of the biggest rivers: Rhone (100,543 km? watershed), Ebro
(Spain, 82,587 km?), Chéliff (Algeria, 43,750 km?), Tiber (Italy,
16,545 km?), Po (Italy, 76,997 km?), and Nile (Egypt, 3,254,853
km?). Their influence over extensive areas of the sedimentary
ba.sins is clearly visible on maps showing the spreading of clayey
minerals (Rateev et al., 1966; Shimkus, 1981). Thus, spreading
of thg shore-drifts of the Rona-Ebro River produces a large illite
province in the northem part of the Algerian-Provence Basin.
An illite-montmorillonite province in the Adriatic Sea and in the
northgn part of the Central Basin in influenced by drifts from the
Po R'IVGY, and the montmorillonite province in the south-eastern
Mediterranean is a result of the Nile drifts. In the Hellenic zone
a chlorite province of clayey minerals results from the combined
effect of the many rivers in its northemn drainage system on
terrigenous sedimentation.

The presence of palygorskite emphasizes the primary role of
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eolian transport.

Numerous mineralogical provinces may result from the small
amounts of sandy-aleuritic material emanating from a number of
rivers (Fig. 17.5) and converging into the basin (Emelyanov, 1968,
1972). .

Water exchange. The Mediterranean Sea communicates
with the Atlantic Ocean through the narrow and shallow Straits of
Gibraltar which prevent the entry of deep Atlantic water. Incoming
Atlantic surface waters are depleted in carbonates and poor in
nutrients. This explains why high productivity is usually directly
connected with nutrients supplied from local terrestrial drainage
systems.

The Mediterranean Sea belongs to the group of basins with
low productivity. Intensive vertical mixing of the water masses
precludes the accumulation of biogenic components. A good supply
of oxygen brings about rapid oxidation and destruction of organic
remains as they sink through the water column. Intensive decay
continues on the bottom, so that organic matter is weakly fossilized
and the sediments are generally not enriched in organic matter. This
is typical for the southern part of the eastern Mediterranean where
biological productivity is lowest. An increased organic matter
content mainly occurs in the sediments of the fore-delta and debris
cone of the big rivers in which organic allochthonous matter plays
a significant role.

Hydrological and hydrochemical characteristics.

The Mediterranean Sea.

The waters of the Mediterranean Sea are a little more saline
than in the ocean, especially in the eastern Mediterranean. The
entrance of surface Atlantic waters and the outflow of deep
Mediterranean water create an estuarine type of water circulation.
At some sills these currents cause washout of the sediments in
shallow as well as deep areas.

Dissolution of carbonates in the abyssal layers does not
occur in the Mediterranean or at the same (0 to 4 km) depths in
the ocean. The whole water column is oversaturated in carbonates
thus creating favorable conditions for accumulation of chemical
carbonate, primarily in the basins of the eastern Mediterranean,
where the water temperatures are highest.

Only on the African shelf, where oolitic sands are formed
over large areas, is there significant chemical precipitation of
the carbonates. In other areas homogeneous carbonates are
precipitated, but do not form significant deposits.

The normal salinity and high temperatures in the
Mediterranean stimulate the growth of plankton and benthos,
whose skeletons are made of carbonate material. For this reason
the majority of the carbonates in sediments are biogenic. Their
quantitative distribution is not only controlled by the volume of
carbonate material produced by the plankton and benthos, but
also by the degree of dilution by terrigenous silicate. The largest
areas of high calcareous (foraminiferal-coccolithic) oozes are
formed in the African offshore of the eastern Mediterranean, where
most of the terrigenous material is eolian. Accumulation of these
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oozes is obviously a passive process because biological carbonate
formation here is at a minimum in comparison with other areas.
This is shown in the amount of deposited carbonate calculated for
the upper layer of the sediments (Shimkus, 1981; Emelyanov and
Shimkus, 1986).

Paradoxically, sediments low in calcareous content are formed
in areas of heightened or maximum biological productivity. The
reason lies in the high rates of accumulation of terrigenous silicate
matter which are much higher than the rates of sedimentation of
the biogenic carbonates, which results in dilution of the carbonates
(Shimkus, 1981).

Multilayer water circulation in the Mediterranean Sea
promotes the appearance and long-term preservation of washout
areas at different depths. These become sites for homogeneous
accumulation of iron and manganese oxides as ore crusts on the
hard ground. Carbonate crusts also occur in some places. These
processes are intensified in regions of underwater volcanism.

As noted above, the big washout areas with no sedimentation
are connected with the multilayer circulation in straits and over sills.
As aresult, large areas of rewashed shelly deposits and underwater
meadows can be formed (e.g. in the African-Sicilian Strait).

The Black Sea

The principal differences in the recent sedimentation in
the Black Sea as compared with the Mediterranean are due to
hydrogen sulfide contamination of the water bodies. This H,S
provides the main condition for the accumulation here of abyssal
sediments, rich in organic matter (sapropelitic nanno-oozes). At
present these types of sediments are not being formed anywhere
in the Mediterranean. This hydrogen sulfide is connected with the
exchange of Mediterranean and the Black Sea waters as a result
of very high runoff of fresh water from the surrounding lands.
This forms a stable low-salinity upper layer with strong density
stratification, which precludes significant vertical water exchange
with the up to two kilometers of stagnant water below.

The lower stagnant water mass creates an environment for the
accumulation of large volumes of biogenic material. The biggest
rivers, e.g. the Dnieper (Ukraine, 533,966 km? watershed), Dniester
(Ukraine, 68,627 km?), Don (Russia, 458,703 km?), and to some
extent the Danube (Romania, 795,656 km?) provide an intensive
supply of nutrients to the upper layer. These are derived mainly
from the drainage system of the surrounding plains, stimulated by
the high biogenic productivity in the humid Black Sea Basin. These
nutrients cause a powerful increase in biological productivity in the
upper photic layer. The organic matter thus produced returns to the
lower layer, where it is mostly accumulated on the bottom with
very little oxidation on the way because of the reducing conditions
in the absence of oxygen.

As might be expected, our data show that the accumulation
of organic matter in the Black Sea is far more intensive than in
the Mediterranean. The increase in the organic matter in the recent
sediments in the Black Sea is directly related to the increasing
supply of organic planktonic matter. This sharp increase in the
organic matter in the sediments (with the formation of sapropels)
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is happening in these areas of heightened biological productivity
against a background of slow non-organic sedimentation. The
large scale cyclonic surface water circulation has created large
areas of these muds. These circulation centers are characterized
by heightened biological productivity, along with small accumu-
lations of terrigenous material.

The Black Sea abyssal sediments lack benthic fauna and
consist of just plankton remains because of the H,S contamination.
The low salinity of the Black Sea surface waters caused taxonomic
impoverishment of coccolithophorids and complete absence
of planktonic foraminifera. The euryhaline coccolithophorid
Emiliania huxleyi is widely distributed and its skeletons form
coccolithic (nanno-) oozes.

THE DISTRIBUTION AND THE COMPOSITION OF THE
SEDIMENTS

Peculiarities of the distribution of main types of the sediments

The Mediterranean Sea

Shelves. The shelves of the Mediterranean Sea are mainly
covered by heterogeneous deposits which are mostly terrigenous-
biogenic off the platform areas, and biogenic-terrigenous
off submountainous areas. Terrigenous sediments are more
characteristic of the coastal zone, and biogenic in the shallows
and out to the edge of the shelf, where they mainly represent relict
formations. The usual granulometric scheme for the gradation of
sediment types from the shore to the edge of the shelf is: sands -
silty-sands - silts - muddy sands, etc. Such a scheme is only typical
for flat areas of the shelf. A spotty distribution of the sediment types
is mainly typical for shelves off submountainous areas. In big gulfs,
the distribution of granulometric sediment types is very spotty, e.g.
in the Gulf of Gabes off Tunisia.

A peculiar feature of some shelf sediments is the existence
of underwater meadows which occupy large areas on the African-
Sicilian Sill (e.g. the Gulf of Gabes) and in some bays close to the
Algerian coast (Burrollet et al., 1979). In particular, sapropelitic
deposits are not formed here despite the intensive production
of benthic organic matter in the near bottom layer. Shallow
biogenic sediments are characterized by their concentration of
benthic fauna, consisting mainly of mollusks and to a lesser
degree benthic foraminifera. Here planktonic organisms such as
pteropods and planktonic foraminifera are obviously subordinate.
Relict deposits, usually formed of oyster shells and heterogeneous
terrigenous material of different sizes, are found in zones of recent
non-sedimentation or in regions of bottom washout stretching
along or at an angle to the shelf. The terrigenous deposits off the
submountainous areas are typified by shallow water granulometric
variation. These heterogeneous sediments are also found in
archipelagic seas, where the shelf width is highly variable and the
shore line is punctuated by alternating bays and capes reflecting
deep dissection of the land. In these areas the above progression in
sediment grain-size is mainly the exception rather than the rule.

In some places a large part of the shelf; if not all the shelf,
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is covered by sandy deposits with various admixtures of coarse-

ined material, which can also form wide bands across the shelf.
Fxamples are found in the Aegean Sea, off the Pyrenean shelf,
and in the Algerian-Provence Basin near Provence. Strips of relict
coarse-grained and rough-grained deposits are not rare, and they
stretch for various distances along the edge of the shelf e.g. the Gulf
of Lion, some bays on the Algerian shelf, the shelf off the Nile etc.

The Mediterranean straits each have their own granulometric
compositions which are dependant on the width and depth of the
strait and the bottom morphology. The Tunisian and Malta straits
on the African-Sicilian Sill are unique and have extensive shallows
side by side with numerous banks and considerably deeper
sublatitudinal basins. The shallow water areas are characterized
by a complex granulometric spectrum of sandy-aleuritic deposits
containing an admixture of coarser material. Here the mosaic of
granulometric types was predetermined by the development of
patches of relict detritus, subject to wash-out and reaccumulation
by recent bottom currents. This region is characterized by ‘zero
recent sedimentation’. In the coastal zones the recent sediments are
represented by terrigenous sands, and aleurites. ‘Normal’ abyssal
sediments, accumulated in the deeps of the Affican-Sicilian Sill,
are in some places relatively enriched in shelly detritus, washed off
from shallow water by near-bottom currents.

Deep basins. Terrigenous, biogenic (carbonate), and
volcanogenic sediments are well-developed in the sedimentary
basins in the Mediterranean Sea. They show the heterogeneous
nature of the sedimentary cover. Chemogenic sediments, consisting
of calcareous oolites and iron hydrothermal deposits and ores, are
found in limited areas. In most cases the biogenic materials in the
recent sediments are carbonates.

In abyssal sediments carbonates are represented by coccoliths,
planktonic and benthic foraminifera, and pteropods. The quantity
of coccolithophorids and planktonic foraminifera in the sediments
is dependent upon the biological productivity in the active water
layer (0-100 m). But the accumulation of pteropods is controlled by
the depth, because of the depth-dependent processes of dissolution,
Thus they almost don’t exist in the sediments deeper than 2500-
3000 m. The ratio of benthic to planktonic foraminifera is less than
one and decreases even more with increasing depth.

Pure biogenic abyssal sediments consist of thin interlayers
of coccolithic or foraminiferal-coccolithic oozes or foraminiferal
aleurite and fine sands. The distribution of such deposits on the
bottom has not been mapped. A new method of geological sampling
is needed to investigate this thin uppermost sediment layer.

The discovery of interlayers in Quaternary sediments with
abyssal-like provenance suggests the possibility that almost pure
hanno-oozes are being accumulated on the seafloor in significant
parts of the eastern Mediterranean and in some parts of other
basins (Shimkus, 1981). High carbonate foraminiferal-coccolithic
ozes, with different terrigenous admixtures, are widely spread
in the abyssal parts of the central and eastern basins of the
Mediterranean, and near Africa (Kuprin et al., 1977). They do not
result for the high productivity of biogenic carbonates, but mainly
from their weak dilution by terrigenous silicate material. Here the
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rate of accumulation is very low (Shimkus, 1981) because of the
extremely small amounts of terrigenous material (mainly eolian)
being supplied from Africa. '

All kinds of mixed terrigenous-biogenic muds were produced
by variations in the input of the biogenic and especially terrigenous
material. The rates of sedimentation of terrigenous material are
larger and far more variable than those of the biogenic. Biogenic¢
oozes are not formed in regions with high rates of sedimentation
of carbonate material because the rates of accumulation of the
terrigenous silicate material are even higher e.g. the northern part
of the eastern Mediterranean, the Algerian-Provence, Tyrrhenian,
Adriatic, and Alboran Basins (Shimkus, 1981). Muds with different
admixtures of biogenic material are being accumulated there.

Siliceous biogenic sediments do not exist in the Mediterranean
Sea. Because of a lack of silicic acid in the Mediterranean waters,
the siliceous skeletons of diatoms, radiolarians, and silicoflagellates
are quickly dissolved in the upper water layer (Emelyanov, 1966),
with very little reaching the bottom. Biogenic sediments enriched
in organic matter are also not being formed in the Mediterranean
Sea. This is the result of:

1) Low biological productivity in most of the sedimentary basins
and

2) Intensive decomposition of the organic matter as it sinks
through a water column enriched in oxygen. The relative organic
enrichment of the sediments in the sea off the Nile is mainly
connected with the accumulation there of great volumes of
terrigenous organic matter produced in the Nile Valley and on the
delta itself.

Recent volcanogenic sediments are located in the eastern and
southem parts of the Tymhenian Sea and in the northern region
of the Cretan deep. The volcanoes produce mainly eruptive (and
lesser amounts of volcanoclastic) material which occurs as an
admixture in the terrigenous and terrigenous-biogenic sediments
and also in turbidites.

The main feature of the river-free African shelf is the
widespread distribution of oolitic sands with shelly material.

The presence of wide areas off the Nile delta with low-
ferruginous and low-manganese muds is a result of the Fe and Mn
in the basic effusives from the Abyssinian plateau being leached
out of the river and deposited in the onshore Nile delta sediments.

Metal-bearing sediments have a hydrothermal-sedimentary
origin and are associated with Pleistocene, Holocene, and recent
hydrothermal activity in areas of underwater volcanism like
the Tyrthenian Basin (Marsili and Palinuro Seamounts). In the
shallow sediments of some subaerial volcanoes which are now
inactive, such as the Lipari Islands, hydrothermal-sedimentary
processes have produced important ore deposits. In some areas
mineralization processes have occurred within recent tectonic
fractures. Manganese films of hydrothermal origin, enriched in
some other elements, are widespread on bedrock outcrops in the
Mediterranean Sea.

The bottom deposits in abyssal areas show considerably
less granulometric variability than those in shallow areas. Most
areas of the Alboran, Algerian-Provence, Tyrrhenian, and Adriatic
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Basins, as well as the northen part of the Central Basin, the
Hellenic, Pliny, and Strabo Trenches, and the easternmost part of
the Levantine Sea, where terrigenous deposits predominate, are
covered by ‘mud’. ‘Clays’ only occupy small areas within these
‘muds’, and minor areas of ‘sandy clays’ occur as well, where
foraminiferal nanno-oozes are developed. They prefer the crestal
areas of various hills or areas whose waters are iron-rich, where the
accumulation of terrigenous material is weakest. These locations
don’t depend on bottom morphology, but are determined by the
spatial distribution of cyclonically circulating surface waters. The
purest carbonate deposits (>70% CaCO,) are represented by the
‘sandy muds’ covering large areas off the African coast in the
eastern Mediterranean. When the carbonate content drops to 50-
70%, the ‘mud’ begins to predominate.

‘Sandy muds’ are developed among volcanogenic deposits,
and especially near pyroclastic or volcanoclastic sources.

Recent turbidites are mainly developed below canyons cut
into the continental slopes of the Algerian-Morocco, Apenninian,
Cretan-Rhodes, and Peloponnesian margins. They are also
deposited in some of the abyssal basins of the Hellenic trenches
(Ferentinos et al., 1985).

Terrigenous sediments. About 75% of the Mediterranean Sea
is covered by terrigenous sediments.

The shallow-water and deep-water coastal regions of the
geosynclinal portions of the sea (northern and western parts of the
Mediterranean) are characterized by non-calcareous (<10% CaCO,)
and low-calcareous (10-30% CaCO,) terrigenous sediments with
highly variable grain-size and physical properties (Emelyanov,
1965, 1975). They are usually colored gray and their moisture
content ranges from 24-81%. They show marked differences in
mineral composition, as they originate from different source areas.

The simplest terrigenous sediment distribution scheme is
observed in places where the structure of the adjoining land and
shelf is linear and level. One example is polygon N-I near Israel
(Fig. 17.4). Non-calcareous terrigenous sediments are deposited
here as follows:

1) Sands - from water’s-edge up to 20-30 m,

2) Silt or mud - from 20-30 m depth up to 100 m,

3) Mud and clay - from 100 m and deeper up to 500-800 m (Neev,
1964, 1965; Nir, 1973, 1984). Approximately the same succession
of sediments was found in the M-3542. M-41-42 and M-84-85
polygons close to the Pyrenean peninsula (Fig. 17.3, Maldonado
et al., 1982-1992), but they are remarkably spotty. It is a result of
both tectonic (geomorphological) structure and hydrodynamic
regime, producing either muddy areas or a considerable admixture
of muddy material in the sands on the shelf (silts, sandy muds, or
clayey sands).

The most complex distribution of granulometric types of
sediments is observed on the shelves of mountainous coasts.
Polygon P-I in the northern part of the Aegean Sea (Fig. 17.4) is
an example of such a distribution (Lykousis et al., 1981). In the
Northern Adriatic changes in the granulometric sediment types
occur abruptly and rapidly within 2 to 3 miles; it is either silt,
or mud. In the bay of Venice the spotty sediment distribution is
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related both to the tectonic (geomorphological) structure, and to the
presence of a number of river mouths; usually muddy patches are
among the sandy areas near river mouths. It is typical that in the bay
of Venice there are many rock outcrops (Brambati, Ciabatti et al.,
1988, Carta Sedimentologica).

Abyssal terrigenous (non-calcareous and low-calcareous)
muds are either semi-fluid or soft sediments. They are gray with
yellowish or brownish shades near fore-deltas. Moisture content
varies between 45-63% (average is 54%). The density of fresh mud
from Station ASV-601 (horizon 0-2 cm) is 1.43 g/cm? (Table 17.5).
Under dry conditions terrigenous low-calcareous muds are brown-
gray, very dense, and so solid they can hardly be broken with a
hammer. The density of absolutely dry mud from Station ASV-562
(horizon 0-20 cm) is 1.896 g/cm’, Baumé gravity is 2.580 g/cm?’,
and porosity is 66.78%. Sandy mud is widespread in the Aegean
Sea (Lykousis et al., 1981), on the African-Sicilian Sill, and in the
northwestern Provence Basin. In all these cases the granulometry is
mainly caused by a noticeable admixture of foraminiferal material.
That fraction which is coarser than 0.01 mm consists of 80-50% of
foraminifera and pteropod fragments.

Biogenic-terrigenous muds (30-50% CaCO,) are light
brownish-yellow in color under fresh conditions (brighter than
low-calcareous muds). They are soft, plastic, and viscous. The
moisture content ranges from 32 to 57% and averages 46%. It
is considerably less than that of muds poorer in carbonate. The
density of fresh wet mud is 1.448-1.580 g/cm® (Station ASV-582,
Table 17.5). The muds are rather dense when dry. But in contrast
to terrigenous non-carbonate muds they can be ground up with
the fingers. They are whitish or pale-yellow. Average densities for
Mediterranean sediments range from 1.918 to 2.216 g/cm’, Baumé
gravity from 2.552 to 2.617 g/cm?, and porosity between 62.69 and
63.13%.

The median diameter of biogenic-terrigenous mud varies
between wide limits (0.002-0.014 mm), and sorting is mainly
poor. Remnants of Clio pyramidata predominate among the shelly
material of pteropods. Its triangular, very fragile shells reach up to
3-10 mm. Consequently, the complete shells are in the >0.1 mm
fraction while its numerous fragments are only in the most fine
(<0.1 mm) fraction.

Representatives of globigerinids, especially Globigerina
bulloides, G. eggeri G. pachyderma, G. quinqueloba,
Globigerinoides ruber, G. tenellus, Globorotalia scitula, G.
inflata, and Orbulina universa (Parker, 1958; Blanc, 1958; Todd,
1958; Olausson, 1960, 1961) are predominant among planktonic
foraminifers.

Coccolihic material is concentrated in the fine pelitic fraction
(<3-5 um). This material only exists in quantity in the sediments of the
eastern Mediterranean. Predominant forms are usually Coccolithus
huxleyi (Lohm.) Kampt., C. atlanticus Coh., Cyclococcolithus
leptoporus (Murr., Blanc et Kampt.), and Braarudosphaera bigelovi
Gran., and Coccolithus variosus Cohen are typical too. Sometimes
reworked neogenic forms of coccoliths (Discoaster challengeri
Bramlette et Riedel, D. surculus Bramlette et Martini) are found
in the muds off the Turkish, Cretean-Peloponnesus, Sicilian, and



Table 17.5: Physical properties of recent sediments of the Mediterranean Sea

Percentage in sediments Specific weight, g/cm’ | Volumetric
. Depth, Horizon, Fraction Moisture weight of Calculated
Station m cm <0.01 mm, Cao(/:OJ Content, Naturally wet Absodl;ltely absolutely dry | porosity, %
% ° % soil. g/om®
Terrigenous sand
ASV-313 1833 l 0-3 l 6.02 3.20 I 32.11 l 1.716 2.579 | 2317 | 54.95
Low calcareous terrigenous mud
ASV-562 891 0-20 71.72 29.10 43.80 1.525 2.580 1.896 66.78
ASV-584 1104 0-20 67.39 29.56 48.40 1.475 2.605 1.770 70.96
ASV-601 2115 0-2 77.89 21.83 46.08 - - 143" -
Calcareous-terrigenous mud
ASV-391 94 0-7 63.20 42.93 40.14 1.580 2.552 2216 63.13
ASV-359 297 0-9 3597 44.80 23.55 1.897 2.620 2.144 44.66
ASV-602 648 0-2 70.24 30.70 44.10 - - - -
ASV412 698 0-21 73.13 35.93 66.56 1.448 2.530 1.917 8341
ASV-578-1 700 0-12 62.00 45.57 39.10 1.621 2,617 1.919 62.69
ASV-406 820 0-20 69.08 3547 39.64 1.577 2.576 1.918 62.85
ASV-381 1551 0-12 85.20 3729 4449 1.487 2.542 1.816 67.05
ASV-599 2197 0-10 70.73 31.61 50.40 1.483 2.592 1.702 72.48
ASV-325 3169 0-5 88.34 35.50 48.92 1.461 2.626 1.510 71.55
Foraminiferal ooze
ASV417 306 0-5 47.95 68.22 36.87 1.672 2.640 2.280 60.65
ASV-576-1 350 0-6 46.75 63.70 30.60 1.755 2.699 1.619 54.34
ASV-538 1531 0-7 66.04 50.30 36.20 1.664 2.674 2.226 6041
ASV-582 1639 0-15 47.98 63.4 39.00 1.626 2.664 1.982 63.60
ASV-536-3 2156 0-20 67.13 55.26 38.70 1.618 2.654 1.720 62.63
ASV-396 2295 0-5 8343 54.58 4748 1.490 2.488 1.973 69.22
*) In natural wet samples
Table 17.6: Chemical composition of the sediments of Marsili Seamount area, Tyrrhenian Sea, CaCO, - Mg - in %, Cu - Co in 10*%
. . CC%
Smtion Pt Hori- | Sedment o sl e | Fe [Ma| P | i | K || & | M ||z o | N ||| | @y
m zon, m type had data)
Vy-1659 484 0-3 sz;a] 334 | 044 | 236 | 022 | 010 | 036 1.26 1.58 14.60 144 | 491 86 62 72 34 42 24 22
Vy-1666 | 520 0-5 B-V-T,CM 449 | 041 | 256 | 0.10 | 006 | 028 | 094 1.49 1840 1.77 35 60 60 47 22 40 28 37
Vy-1643 934 03 V-T, LCM 29.7 | 047 | 384 | 011 | 006 | 035 0.88 1.66 11.70 1.38 41 274 77 12 27 48 34 -
~ VWy-1660 | 1050 | 03 B-V-T,CM 358 | 050 | 296 | 0.10 | 006 | 033 1.20 145 14.80 1.44 41 86 74 66 34 46 30 29
Vy-1639 | 1270 | 0-3 B-V-T,CM 370 | 062 | 300 [ 007 | 007 | 029 0.98 1.09 1530 1.38 50 88 73 84 30 4 24 21
-1644 | 1580 | 03 B-V-T, CM 358 | 041 304 | 010 | 006 { 031 1.38 1.68 13.80 1.38 38 86 77 | 180 | 32 50 20 17
Vy-1662 | 2010 | 0-3 B-T,CM 342 | 052 | 364 | 0.10 | 006 0.2 12 145 15.10 1.44 46 230 84 86 36 46 24 32
Vy-1645 | 2280 | 03 B-T, CM 320 | 045 352 1 011 | 006 | 035 1.22 128 13.40 1.32 48 90 77 86 34 46 34 20
Vy-1647 | 2850 | 09 T,LCM 270 | 046 | 408 [ 0.10 | 007 | 034 1.66 1.83 12.30 142 52 100 84 62 51 48 30 19
Vy-1663 | 3150 | 05 T,LCM 300 | 053 | 400 [ 011 | 016 | 035 1.22 4.17 12.70 1.32 49 84 74 94 36 48 18 29
Vy-1669 | 3290 | 05 T,LCM 243 1 043 | 272 | 010 | 004 | 032 1.74 1.70 11.60 1.26 76 62 88 82 41 48 28 24
Vy-1633 | 3400 | 03 T,LCM 158 | 060 | 508 | 0.10 | 007 | 045 2.00 1.64 7.10 1.44 59 242 112 | 58 76 66 34 10
Vy-1673 | 3420 | 03 B-T,CLFeM | 383 | 0.50 | 1000 | 008 | 006 | 029 3.00 294 17.00 148 59 64 62 120 | 30 33 24 32

L = low; C = calcareous; M = mud; Mn = manganese; Fe = ferruginous; CC% = Carbonate Content in % (from bulk sediment sample). Note: *) B — biogenic, V — volcanoclastic, T — terrigenous
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Tunisian coasts. Calcite of homogenous origin is in the mud as
crystals and irregular grains. 5-7 um in size, and it comprises a
considerable part of the pelite (Emelyanov, 1972; Emelyanov and
Shimkus, 1986).

Biogenic-terrigenous muds (30-50% CaCO,) are the most
widespread kinds of terrigenous sediments. According to their
granulometric composition they are typical muds consisting of clay
with silt admixture. With the aim of classifying the mud into two
sub-types we divided them by their content of grains in the <0.01
mm fraction. According to the Russian (IORAS) classification, fine,
pelitic, or clayey mud consists of more than 70% of this fraction,
and it occurs in the deep pelagic zone. Less than 70% of this fine
fraction defines inshore aleuro-pelitic mud or typical mud.

The bottom sediments, especially the terrigenous ones, were
found to contain a large variety of minerals (Emelyanov, 1968,
1972, 1975, 1979). The quartz-to-feldspar ratio in terrigenous
sediments is usually less than 1. For example we shall describe
some mineralogical provinces from the Levantine Sea, especially
the Nile province.

The Nile transports large quantities of sediment, mostly derived
from the erosion of basic rocks and basalts. Within the 0.1-0.5 mm
subfraction, quartz comprises from 18 to 46%, feldspars from 9
to 33%, micas from 1 to 12%, and weathered particles and basalt
fragments 18-55% (Emelyanov, 1994). Dominant among the heavy
minerals are clinopyroxenes (22-41%), common hornblende (9-
14%), epidote-clinozoisite (5-10%), and the ore minerals ilmenite,
chromite, and leucoxene (5-15%). The concentration of basaltic
fragments in the heavy subfraction is also very high: 12-43%. The
<0.001 mm fraction is dominated by montmorillonite. Precipitations
of ore minerals and basaltic fragments occur closest to the Nile
promontory; farther off are quartz, feldspars, clinopyroxenes,
common homblende, and biotite.

Since the Nile load is mostly products of basalt denudation,
the sediments have similarly high concentrations of the basalt
elements Fe, Ti, and Mn, and high contents of Na, Cr, Zn, and V.
Areas with high concentrations of these elements, together with Cm
and CaCO,, are more prevalent around the Nile Cone than the areas
of high clinopyroxenes. Thus, the sediments north and northeast
of the Nile fore-delta belong to the unique Nile litho-geochemical
province, which is specific to the eastern Mediterranean (Emelyanov
and Shimkus, 1986, p. 487; Emelyanov, 1994).

The island of Cyprus is an independent source province.
Around the island, the clastic minerals deposited are mostly
typical of the onshore sedimentary and metamorphic rocks and
peridotites (Emelyanov, 1994). The heavy fraction of 0.1-0.05
mm is dominated by black ore minerals, ordinary homblende,
epidote-clinozoisite, clinopyroxene, and disthene (kyanite)
which is common (Emelyanov, 1975); in the light fraction are
quartz and plagioclase, K-feldspars, voicanic glass, and calcite.
Characteristically, no products of denudation of the serpentinites
(serpentine, etc.) were found in the >0.05 mm fraction. These
products might have been crushed to a size smaller than 0.01 mm,
and could not be detected under an optical microscope. Peridotites
(serpentinites) are enriched in Ni, Cr, Co, and Fe, and slightly in
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Mn. High concentrations of these elements were detected in the
sea south of Cyprus. These results suggest that the sediments rich
in Nj, Cr, Co, and Fe near Cyprus accumulate denudation products
not only from sedimentary and metamorphic rocks, but also from
ultramafics. Cr, Ni, and Fe- rich sediments are also found on
Florence Seamount west of Cyprus, and Eratosthenes Seamount
south of Cyprus. Hence, these seamounts also accommodate the
erosional products of the ultramafic rocks. The mountains along
the Syrian coast also appear to be a rich source of fine products
of ultramafic denudation. There are four such sources on Cyprus
and the Syrian coast, giving high concentrations of Ni and Cr (over
0.02%) in the offshore sediments.

The Rhodes terrigenous-mineralogical province (see Figure
17.5) stretches as far as Crete and south up to the East Mediterranean
Ridge. The most typical minerals in the sediments of this province
are gamets, yellow and brown biotite, black ore minerals,
clinopyroxenes, rhombic pyroxenes, and fibrous amphiboles,
with colored micas in the light subfraction. There is practically no
serpentine or olivine. However, east of Rhodes high concentrations
have been recorded of Cr and Ni and sometimes Fe. Apparently,
this province accumulated the denudation products of sedimentary,
metamorphic, and ultramafic rocks.

The Taurus terrigenous-mineralogical province is east
of the Rhodes province and extends as far as Iskenderun. It is
characterized by black ore minerals, clinopyroxenes, epidote-
zoisite, rutile-anatase, and colored micas in the light subfraction.

The Levantine province embraces the deep-water areas
of the Levantine Sea (west of the Cyprian and Nile provinces).
Most typical are eolian quartz, feldspars, the black and red ore
minerals ilmenite, hydrogoethite, and hematite, as well as common
hornblende, epidote-clinozoisite, and yellow and brown biotites.
The sediments in the province are largely represented by coccolith-
pteropod-foraminiferal and pteropod-foraminiferal oozes. Biogenic
carbonates dominate.

The terrigenous sediments can be characterized by the
average composition of their main chemical constituents. The
carbonate content and the content of the main and other elements
in the sediments vary widely. The average content of CaCO, in the
surface sediments is 40.32%. The highest average content (57.54%)
of this constituent is in the sands, the lowest (32.01%) in the fine
silty mud.

The average contents of all the main constituents correlate
well with their grain-size distribution.

Biogenic carbonate sediments. Biogenic sediments occur
from the shore out to depths of 3500-4000 m, and contain from 50
to 98% of CaCO, (Emelyanov, 1965, 1972, 1973, 1975).

Biogenic sediments are separated from the shore by terrigenous
sediments and are found at a great distance away from the coastline
in the northern regions, except where they often accrue near the
mouths of rivers. These sediments are mainly relict.

Biogenic sediments mainly consist of shelly and coral material,
and foraminifera, pteropods, and coccoliths. Shelly sediments
are present at depths of 100-200 m; foraminiferal sediments are
found at depths of 2.0-2.5 km, while pteropod-foraminiferal ooze
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Figure 17.5: The terrigenous-volcanogenic mineralogical provinces of the coarse-aleuritic (0.1-0.05 mm) fraction from the upper sediment layers in the Mediterranean
Sea (after Emelyanov, 1968) and the absolute ages of terrigenous-volcanogenic minerals (after Emelyanov et al., 1973). 1 - Sea of Marmara; 2 - Northen Aegean;
3 - Sea of Crete; 4 - Santorini; 5 - Southem Peleponnesus; 6 - Kythere; 7 - Rhodes (Nesos); 8 - Taurus; 9 - Cyprus; 10 - Levant; 11 - Ionian; 12 - Nile offshore;
13 - Sirte (Surt, Sidra); 14 - Eastern Sicilian; 15 - Calabrian; 16 - Apulian; 17 - Southern Adriatic; 18 - Northem Adriadic; 19 - Eastern Tyrrhenian; 20 - Southem
Sardinian; 21 - Corsican; 22 - Provencal; 23 - Valencian-Balearic; 24 - Southem Spanish; 25 - Algerian; 26 - Tunisian-Sicilian; 27 - Pantellerian. Figures within the
sea area are age of minerals (in Ma), figures (in large print) within adjacent land regions are absolute age of the most widespread rocks and soils (in Ma).

occurs at depths of 0.5-3.0 km, being succeeded at greater depths
by coccolith-pteropod-foraminiferal and foraminiferal-coccolithic
oozes. Venus, Turritella, Nassa, Spondylus, and Chenopus pelicani,
etc. are commonly the dominant constituent of the shelly sediment.
The remains of urchins, corals, and bryozoans as well as calcareous
algae are also present in large quantities.

In the southern part of the A frican-Sicilian Sill (in the so- called
Pelagian Sea) between the high carbonate coral-shelly sediments
(coquina, sands, muddy sands, sandy muds and so on) there are
widespread so-called meadows (Blanpied et al., 1979): in the near-
shore areas Cymodocea nodosa meadow banks are colonized by
Posidoniae, and slopes by Caulerpa prolifera. At a depth of 15-20
m the Posidonia meadow disappears and Caulerpa becomes more
dominant. In the Gulf of Gabes the bottom is a muddy plain: this
gulf'is a trap for fine sediment.

' In the Tunisian plateau there are different biogenic carbonate
facies. The sandy-clayey bioclastic facies (up to 50-90 m) consists
of pyritized vegetal remains, algae, mollusks, etc.

In the deep troughs of the African-Sicilian Sill bioclastic sandy
mud and foraminiferal oxidized (ocre color) oozes are widespread.
Z;hel;a;;; of sedimentation are 10-12 cm/1000 years (Blanpied et

. The carbonate content of the sediments of the African-Sicilian
Sill and the Pelagian Sea range from 50.0 to 92.3%, including 2.0
0 6.2% MgCOJ. Carbonates are mainly present as Mg-calcite,
and sometimes aragonite. Dolomite grains are often found. The

terrigenous material is mainly represented by stable minerals such
as quartz, magnetite, ilmenite, zircon, and rutile. Clastic matter is
mostly delivered by winds from the deserts of Africa. The shelly
sediments of the African-Sicilian Sill are mainly relict.

Coral-algal and coral-shelly sediments in the Mediterranean
Sea are more or less widespread in shallow-water areas, especially
near the Provencal coast, in the Tunisia Strait area, and the Sea
of Crete. The authors have never encountered typical coralline
sediments.

In the Aegean and Cretan Seas carbonate sediments are
represented by foraminiferal and coccolith-foraminiferal oozes.
Globigerina is noticeably more abundant than other foraminifera.
The muds of the Sea of Crete showed a large number of the
coccoliths Syracosphaera pulchra (Lohman), and Helicosphaera
carteri (Wallich, etc.). Encrustations of Lithothamnia are often
found in shallow water sediments and in areas of calcareous oozes.
Magnesian-calcareous nodules of irregular shape 5-10 c¢cm in
diameter have been found in the Santorini area in the Sea of Crete.
The sediments of the Sea of Crete contain up to 6.94% MgCO,.
Carbonates are represented mainly by Mg-calcite (MgCO, reaching
more than 8.0%). Crystals of chemogenic (diagenetic) calcite, Fe-
carbonates, and dolomite are also found (Emelyanov, 1965, 1972,
1975).

The mineral composition is rather variable in the central part
of the Aegean and Cretan Seas and belongs to five mineralogical
provinces (Fig. 17.5) (Emelyanov, 1968). Some of them are
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characterized by volcanic glasses and clino- and orthorhombic
pyroxenes, and others by basaltic homblende, and by alkaline
amphiboles (riebeckite, arfvedsonite etc.). Illite (30-90%)
and kaolinite (10-30%) are the most common clay minerals.
Montmorillonite is encountered in quantity only in the area of the
Milos-Santorini-Nisiros volcanic isles. The absolute age of the
terrigenous-volcanogenic minerals is 30-145 Ma (Emelyanov et
al,, 1973).

In the arid zone there is a trend which is evident in the
distribution of the calcareous sandy mud: the lesser the CaCO,
content, the finer-grained the sediment, and the larger the areas
of occurrence. Biogenic sediments occurring in the deep water
between Cyrenaica, Crete, and Alexandria contain from 50 to
60% CaCO,. These are coccolith-pteropod-foraminiferal oozes.
They are very compact (the moisture content ranges from 30.9 to
48.6%). The oozes are sticky and viscous, and are light-brown in
color (Emelyanov, 1975). The density of the moist (fresh) oozes
at Stations ASV-536-1 and ASV-538 was 1.618 and 1.664 g/cm®
respectively (Table 17.5). In a dry condition, calcareous oozes are
light grayish-yellow in color, and one can grind up the dry sediment
with the fingers. The density is 1.720-2.226 g/cm’, Baumé gravity
2.654-2.674 g/cm’®, and porosity 60.41-62.63%. Dry ooze is so light
that for some seconds it won’t sink in water.

There are a lot of delicate transparent shells of the pteropods
Clio pyramidatainthe oozes. The foraminiferal assemblage consists
of planktonic Globigerina bulloides (d’Orb), G. dubia (d’Orb.),
Globigerinoides ruber, Globorotalia inflata, and Orbulina universa
(d’Orb.). There are 5,000-45,000 planktonic foraminifera shells
in 1 gram of ooze. The shelis of benthonic foraminifera are also
found in abundance, with 10 to 2,000 shells in 1 gram of sediment
(Komeva, 1966); Gyroidina neosoldanii (Brotzen), Articulina
tubulosa Sequenza, and Usbekistania charoides (Jones and
Parker) are common (Komeva and Saidovas, 1969). Coccolithic
debris consists mainly of Coccolithus huxleyi (Lohm.) (Kampt.),
C. atlanticus Coh., C. variosus Coh., Cyclococcolithus leptoporus
(Murr. et Blac.) (Kampt.), and Syracosphaera pulchra (Lohm.).
The most characteristic peculiarity of the coccolith-pteropod-
foraminiferal oozes in this area is that almost everywhere they
contain calcareous-clayey magnesian concretions of diagenetic
origin (Emelyanov, 1961, 1965, 1972; Miiller and Fabricius, 1971).
These are 5-10 cm in diameter and have an irregular form. The
concretions cover 40% of the bottom at Station ASV-536 (between
Crete and Affica, in depths of 2130-2167 m). They are also found
very often in the Aegean Sea and the Gulf of Sidra.

The tops of the undersea mountains and ridges are covered by
‘carbonate caps’. The top of the Baroni Ridge (480-700 m) in the
Tyrrhenian Sea is covered by foraminiferal or shelly-foraminiferal
sands, silty sands, muddy sands, or sandy silt (Figure 17.6). There
are a lot of dead Madreporaria corals (up to 8-10 cm in length)
in the surface sediments. Fragments of urchins, Polychaeta tubes,
and mollusks shells are also present. Below the 600 m isobath
nanno-foraminiferal oozes prevail. They are light grayish-brown in
color, soft and very viscous: they lie on the steep slopes (up to 25-
30°) without slumping. The oozes contain 48-55% CaCO,, 0.6%
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Figure 17.6: So-called ‘hanging’ sedimentary basins in the Tyrrhenian Sea east of
the northern part of the Baroni crest (after Emelyanov, 1998). 1 - basalts;
2 - basaltic breccias; 3 - hard limestone (K,?, nannofossils Parhabdolithus
sp., Lithraphidites sp., Micula sp. and others); 4 - Foraminiferal oozes
with remnants of dead corals (at 400-500 m depths); 5 - ‘graded beddings’
(microlaminated turbidites in the ‘hanging’ sedimentary basins (terrigenous
matter, forams, and coccolothophorids), the thickness of layers is 0.2-2 mm
(in one turbidite there are 10-15 microlayers); 6 - terrigenous low calcareous
mud; 7 - the flows of the surface liquid mud (microturbidites); 8 - calcareous
crusts (hard ground). A - ‘hanging’ sedimentary basin. The surface of all the
sedimentary basins is ideally horizontal (numbers indicate the depths).

8i0,,,, 0.40% C_ , 1.90% Fe, 0.04% Mn, and 0.14% Ti. In some
places on the Baroni Ridge there are outcrops of serpentinites,
basaltic breccias, Late Cretaceous limestones, and hard Quaternary
carbonate crusts (‘hard ground’). They consist of biogenic detritus
with calcite cement. ‘Hard ground’ was drilled by E. M. Emelyanov
during a dive in the submersible ‘Argus’.

In some places the surface oozes are Late Pleistocene in age
- they belong to the Gephyrocapsa oceanica Zone.

Biogenic detrital (shelly) sands with coral remains are
widespread on Verchelli Seamount. The sediments are actively
being reworked by benthic organisms and by waves and currents
at a depth of 200-250 m - the Late Glacial shore line. A lot of coral
remains and rounded gravel and boulders occur at this depth.
There is a steep cliff. On the flat bottom foraminiferal oozes are
widespread.

Among the clastic minerals, quartz, feldspars, biotite, calcite,
clinopyroxenes, and ilmenite-magnetite prevail. Olivine is also
present.

In some ponds of the East Mediterranean Ridge there are
stagnant conditions (Jongsma et al., 1982). These anoxic basins
(Bannock, Tyro, Poseidon) are filled with brines, whose salinity
is approximately ten times that of sea water. In the Bannock
Basin the surface of the brines lies at the depth of about 3273
m, and the bottom at 3500 m. The bottom is covered by gray
terrigenous-calcareous (nanno-foraminiferal) pelitic oozes. They
contain 53-60% of CaCO,, less than 1% SiO,_, 0.3-0.8% C
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Volcanogenic sediments. These include pyroclastic and
volcanoclastic sediments. Volcanoclastic ~ sediments of the
Santorini Lagoon are present as sands, muddy sands, silty sands
and mud (Butuzova, 1969). They consist of fragments of andesite-
dacites, as well as volcanic glass, feldspars, hypersthene, and
magnetite. The sediments are enriched in Fe and Mn and to a lesser
degree in P, V and Cu. Cr, Ni, and Co concentrations are lower in
the volcanoclastic sediments of the Santorini Lagoon than in the
carbonate sediments of the marine areas beyond the caldera. These
data show that volcanoclastic matter and hydrothermal action
promote an increase in the concentrations of Fe, Mn and to a lesser
degree P,'V, and Cu in the sediments. They are not enriched in Cr,
Ni, and Co.

Pyroclastic sediments are found down to 1797 m depths
(Station ASV-316) in the area of the submarine cone of Stromboli
Volcano (Emelyanov and Shimkus, 1986). These are yellow-gray
sandy muds containing great quantities of black opaque particles of
volcanic ash (43.3%), colorless glass (15.2%), and acid plagioclase
(28.9%) in the light coarse-silt (0.1-0.05 mm) subfraction. The
heavy subfraction also contains fragments of those and different
opaque aggregates (38.9%) and clinopyroxenes (43.0%). They
contain slightly higher amounts of K, Na, Mn, and Zn.

Pyroclastic and volcanoclastic sediments in which a prevalent
component is black ash and volcanic glass have been retrieved
from the Gulf of Naples where they occur at depths of 0-800 m
(Miiller, 1964). They were found at greater depths in the Tyrrhenian
Sea (Emelyanov, 1972, 1973, 1975). These sediments are formed
by the destruction of volcanogenic rocks of the adjacent coastal
areas, as well as by the activity of the Vesuvius, Stromboli, and
Etna volcanoes.

On the eastem slope of the Tyrrhenian Sea mixed calcareous-
pyroclastic-terrigenous muds are widespread. They contain 10-30%
CaCO, and 10-50% of pyroclastic (volcanoclastic) material. The
clastic components of these muds belong to three mineralogical
provinces (Fig. 17.5): the easten part is characterized by a
considerable admixture of ash, colorless glass, and clinopyroxenes;
the northwestem part is characterized by minerals derived from
metamorphic rocks developed on Corsica (alkaline and fibrous
amphiboles, basaltic homnblende, disthene, micas, common
homblende, and epidote). There are a lot of minerals of the epidote
group and zircon, but pyroclastic matter is almost entirely absent.
Montmorillonite (10-30%) and illite (50-70%) prevail over the
other clay minerals. Kaolinite is found only in the marginal parts of
the basin. The absolute age of the clastic minerals ranges from 152
to 190 Ma (Emelyanov et al., 1973).

There are a lot of outcrops with lava, basalts, and volcanic
breccias on the tops and slopes of the seamounts of the Tyrrhenian
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Sea. The soft sediments around these outcrops consist of mixed
material: volcanoclastic particles, terrigenous material, and
foraminifera. On the top and slopes of Marsili Seamount (480-
1000 m) (Figure 17.7) there is unsorted muddy-sand and sandy-
mud (Table 17.6) with many fragments of the lavas and basalts
(Shimkus, Emelyanov and Yastrebov, 1998). The sediments are
dirty grayish-brown in color. The mud is soft, sticky and viscous:
it lies on the steep (10-30°) slopes of the seamount. Hydrothermal
ferruginous deposits are found on the top of Marsili Seamount
(Emelyanov, 1989).

The pyroclastic sediments of the Tyrrhenian Sea are somewhat
enriched in K, Na, P, Mn, Fe, Cy, and SiO,,_(Table 17.6).

Sediments in which pyroclastic matter amounts to more than
10% of the total sediment are found nowhere in the Mediterranean
Sea, including the Tyrrhenian Sea. Thus the role of volcanism in
the contemporary sedimentation is significantly less than it was
some thousands of years ago in earlier stages of the development
of this basin. During the Late Pleistocene volcanic ash formed beds
10-22 cm in thickness, not only near the volcanoes, but in some
areas of the Tyrrhenian Sea abyssal plain, in the Ionian Sea, and
the northern part of the Levantine Sea (Mellis, 1948; Norin, 1958;
Duplaix, 1958; Ryan and Heezen, 1965; Ninkovich and Heezen,
1965; Emelyanov, 1968, 1975; Shimkus, 1981; Emelyanov and
Shimkus, 1986).

The same outcrops of hard volcanogenic rocks and soft
Holocene and Late Quaternary mixed sediments are widespread on
Vavilov, Magnaghi, and other seamounts. On all these mountains
there are many tuff outcrops.

Magnaghi Seamount and its slopes (at depths of 1500 to
3420 m) are covered by hemipelagic nanno-foraminifer oozes.
Thin layers of pteropod ooze were often found at Station AMK-
2028 (depth 3380 m). Pteropod-foraminifer-coccolith cozes with
intercalations of pteropod ooze (horizon - 20-25 cm) were found at
Station AMK-2029 at a depth of 1780 m. The surface of the ooze
is uneven, with furrows, and there are many shells of pteropods
carried in by near-bottom currents.

Numerous pieces of effusive rocks (basalts), limestones and
carbonate crusts covered by manganese film were detected during
a dive (H2-6/17) with the ‘Mir-2’ submersible at Station AMK-
2026 in depths from 2817 to 1888 m. The inner part of the crusts is
softer and more friable than the external part; it contains calcareous
nannofossils and foraminifera (probably Late-Quaternary). The
summit of Magnaghi Seamount is a complicated morphological
structure, with rock outcrops and tectonic fractures (transverse and
dip-slip). In places the types of crater structures were studied with
the help of a side-scan sonar (Shimkus et al., 1998).

The surface of Vavilov Seamount is uneven and its crestal
ponds are covered by Upper-Quaternary sediments. A small ledge
represents an outcrop of effusive rocks (usually olivine basalt).
Carbonate crusts and the remains of coral are frequently seen.

The friable shelly-foraminifer and foraminifer oozes lie in
ponds. On the summit parts of the seamount at depths of 1172,
1330, and 746 m, the crusts and hard limestones are covered
by iron manganese-oxide film. The highest place on Vavilov
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Figure 17.7: Sedimentation on Marsili Seamount. Adter Emelyanov, 1998. 1 - basalts and lavas; 2 - blocks of lava (outcrops); 3 - redistribution of hydrothermal iron and
anganese hydroxides in the Holocene; 4 - mixed volcanoclastic-terrrigenous low calcareous and calcareous (foraminiferal) mud; 5 - volcanoclastic-terrigenous and
oraminiferal turbidites; 6 - foraminiferal ooze; 7 - circulation of seawater and hydrothermal waters; 8 - hydrothermal iron deposits (the cap is about 1 kim?) and main
irections of distribution of hydrothermal material in the Late Pleistocene; 9 - slumps and turbidites; The numbers and arrows on the top of the figure are geological stations
(grabs, gravity corers, dredges, and dives with the submersibles ‘Argus’ and ‘Mir”). S.B. is the ‘hanging’ sedimentary basins with ideally horizontal surfaces. Sl. - hills

of slump origin.

Seamount (Goncharov’s Peak) is crowned by branching corals,
and also covered by a black manganese-oxide film. The presence of
this film tells us that these formations are not recent. In the Vy-673
core at a depth of 1740 m, the Holocene sediments are nearly 20
cm thick. The rest of the core was formed during the last glaciation.
Bright brown volcanic glass, long-prismatic clinopyroxenes
(aegirine-augite), dark-brown biotite, plagioclase, apatite, and
quartz were detected in the bottom sediments.

Lavas were detected on the slopes of the summit area of
Vavilov Seamount. They form layered volcanoclastic deposits
(tuffs, tuffs and lavas). Thanks to the ‘coagulation’ these formations
were able to remain on the steep slopes, maintaining their primary
bedded structure. There are thin turbidites at the foot of Vavilov
Seamount.

Around the undersea seamounts there are depressions or
ponds filled by volcanoclastic, mixed biogenic (calcareous-
volcanoclastic-terrigenous) turbidites and ‘normal’ deep-sea muds.
In a core 5-6 m long there are more than 100-200 turbidite layers

(with graded bedding). They are especially well-expressed around
Marsili Seamount. The .number of turbidite cycles in the core
indicates how many strong or weak earthquakes occurred. These
sediment bodies are up to a hundred meters in thickness. Ideally
they have flat horizontal surfaces. This surface occurs at different
depths. Thus the ponds (or depressions) on the slopes are forming
so-called ‘hanging’ sedimentary basins (Fig. 17.6; Figure 17.7).
Chemogenic sediments. Chemogenic and mixed chemo-
genic-biogenic sediments occur in a very limited number of
areas. Oolitic-shelly high-calcareous sediments are found in the
Gulf of Gabes, near Jerba Island, in the Gulf of Sirte (Sidra, Surt),
and near the Egyptian coast (the Arabs Gulf). They also possibly
cover all the coastal parts of the African shelf from Alexandria
to Tunis (Lucas, 1955). The sand consists of about 80% of sand-
size oolitic grains. Some of the grains had nuclei (quartz or shelly
detritus), others were without. The accretion onto the nucleus is
thick and concentric. The sands consist of oolite grains with a small
admixture of pseudo-oolites representing well-rounded fragments
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tus or calcareous grains transported from the African
deserts. Some of the pseuqo-oolites may have been transported into
the sea following the erosion of ancient coastal sedimentary rocks
(Wood, 1964). Heavy mmerals (ores and l;nomblerrdg) are often

bserved as nuclei of oolites in the Gulf of Sirte. Oolitic sands near
°  are found at up to 13 m depth. Oolitic sands contain
Jerba Island are . . .
from 90.05% to 91.70% CaCO,, however they are impoverished in
Fe,Mn, Ti, P, and Si0,,. . )

Typical oolitic sands pass seaward into shelly sedlrnents at
depths of 30-100 m, with only a small adrmxture of oqhtes. The
oolite grains are transported to greater depth§ either by winds or by
currents from the beach. Single grains of oolites are found at depths
down to 190 m.

Manganese sands occur on the top of a volcanic seamount
in the southeastern Tyrrhenian Sea at Station ASV-7.9.3. These
sediments contain 9.11% Mn, and they are low in Fe, Ti, and P.
The following Mn contents have been determined in the different
fractions: 7.66% in the 1.0-2.0 mm fraction; 6.47% in the 2.0-3.0
mm fraction; and 5.79% in the >3.0 mm fraction. The manganese
is present as a black crust of irregular form or as oval grains whose
size ranges from fractions of a millimeter to 10 mm. In addition to
manganese crusts and micronodules, there is also a large amount of
detrital mollusk shells, corals, and volcanic ash covered with a film
of manganese in the sandy-gravel sediments.

Ferruginous and manganese sediments. These sediments
are terrigenous, diagenetic, or hydrothermal.

The biggest area of low ferruginous and low manganese
terrigenous sediment is located in the eastern part of the Levantine
Sea and is forming under the influence of the Nile drift and the
supply of volcanoclastic material from the coasts of Cyprus and
Syria (Emelyanov, 1994).

Hydrothermal ferruginous and manganese deposits are
discovered in some volcanic provinces:

1) Santorini lagoon (Behrend, 1936; Butuzova, 1969);

2) The shelf of Volcano Island (Valette, 1969; Honorez et al.,
1973; Martini et al., 1980);

3) On the seamounts of Enarete, Eolo and Lametino (Rossi etal.,
1980), Palinuro (Minitti and Bonavia, 1984), and Strombolichio
(Bonatti et al., 1972);

4) On the eastern slope of the Tyrrhenian Sea at a depth of 900 m
(Castelarin and Sartori, 1978);

5) On Eratosthenes Seamount at a depth of 1800 m (Vamavas et
al,, 1988); _

6) In the Strabo Trench (Nesteroff, 1980);

7) And in some other places (Emelyanov and Shimkus, 1986;
Shimkus et al., 1998).

In most cases they are ferruginous, and only manganese
deposits on Lametino (Table 17.7).

A large field of ferruginous deposits (about 1 km?) lies on the
top of Marsili Seamount (488-600 m) (Emelyanov, 1988, 1989).
They are covering (enveloping) blocks of lava and basalts, and the
bottom of the small ponds. The maximum iron content is 54.3%.
The Mn content is not high, only 0.5-1%. Only in the black band
of the ore deposits does its content reach 9.19%. The main part of

of shelly detri
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the ferruginous substance is amorphous (iron hydroxides) There is
vernadite and bamesite with an admixture of proto-ferrihydrite,
ferrihydrite, goethite, and crystobalite (Gorshkov, Emelyanov and.
Sivitsov, 1992). There are also some Fe-Mn microconcretions.

The presence of sulfate and sulfide sulfur (SO,?- 2.34%, S -
0.77%) shows that the deposits contain an admixture of erosite or
gypsum.

At Station AMK-2021 (1570 m) Fe-vemadite, Mn-ferroxide,
goethite, Fe-x-mineral were found in the Fe-Mn crust on the
basaltic block. Asbolane-buserite was found in the basalt block.

Outside of the hydrothermal field lie mixed biogenic-
volcanoclastic-terrigenous  sediments with slightly increased
content of Mn (Table 17.6). Only in the sediments of Station Vy-
1673 (3420 m) is the content of Fe 10.0%.

Diagenetic manganese sediments were found in some cores,
where they form thin (1-5 cm) brown layers (Emelyanov and
Shimkus, 1986). Surface sediments are enriched in Fe and Mn in
some places in the eastern part of the Levantine Sea.

LITHOLOGICAL-GEOCHEMICAL ZONES OF SEDI-
MENTATION AND FACIES OF THE SEDIMENTS

Sedimentary material passes through a number of zones
where its composition or quantity suffers marked changes during
the course of mobilization, transportation, and existence within
the basin itself. These so-called barrier-zones determine both the
areal distribution of the bottom sediments and their lithological-
geochemical features (Emelyanov, 1979, 1982, 1988).

Different lithological, faunal and geochemical characteristics
were taken as the basis for defining zonmation within the
Mediterranean Sea (Emelyanov and Shimkus, 1986).

THE REGULATION OF RIVER DRAINAGE

During the past 40 years construction of hydroelectric power
stations, irrigation systems, and dams has brought about a sharp
decrease in the run-off of the largest rivers draining into the Black
and Mediterranean Seas. These include the Danube, Dnieper, Don,
Nile, Po, Rhone, and Ebro. For instance, nowadays the Ebro run-
off is only 5% of its volume 50 to 60 years ago (Palanques et al.,
1990). This has resulted in an extreme slowing down and even
reversal of the progradational accretion of land on many fore-
deltas. Degradation is observed in some cases, as for example
the Nile fore-delta where the coast is predicted to recede many
kilometers to the south by the year 2015 (Stanley, 1992). Active
erosion is also happening in the Po fore-delta (Drake et al., 1992).

Limited run-off promotes an increase in erosional and
abrasional processes on the shelves and decreases the rate of
terrigenous sedimentation in the abyssal regions of the adjacent
seas. There will probably be a concomitant decrease in biological
productivity because of the decreasing volume of nutrients supplied
by the drainage system. In comparison with sediments which were
accumulated tens of years ago the changes in rates of terrigenous



Table 17.7: Chemical composition of iron and manganous deposits of the Mediterranean Sea and Atlantic Ocean
Mediterranean Sea Atlantic Ocean
i M 3 St E.E. i San 3 St EslL M P S E S TAG BM NS
Fe 3240 | 2950 14.30 4.0 3138 | 32.60 0.26 31.82 1.29 320 497 6.51 0.13 9.99 12.92
Mn 2.52 0.42 2240 | <83 0.05 0.03 48.02 3.26 - - 9.10 2.08 41.00 231 17.36
Al - - - - 0.30 1.10 041 - - - 743 847 0.07 - -
Ca - - 0.50 - 0.91 1.09 233 - - - 2224 4.62 - - -
Mg - - 0.74 - 0.63 095 1.52 - - - 3.25 2.65 - - -
K 0.30 0.89 0.78 - 0.58 0.69 0.38 - - - 1.34 1.12 - 1.50 -
Na 3.53 2.20 220 - 430 - 2,61 - - - 313 2.82 - 2.95 -
Ti 0.09 0.18 0.006 - - 0.04 0.02 - - - 0.59 0.60 - 0.25 0.50
P 0.62 0.70 0.30 - 0.06 - - - - - - - - 0.72 0.16
CaCO, | 3.55 15.51 - - 2.64 - - - - - 47.64 - - 591 0.00
Cox 0.18 1.07 - - 1.22 - - - - - 0.001 - - 047 0.00
Sio,, - - - - - - - - - - - - 1.26 - -
Fe/Mn | 1250 | 70.00 0.60 - 628 1087 0.01 - - - 0.55 3.13 315 430 0.70
Cu 42 30 42- 400-900 27 34 8200 40 2700 | 22400 167 37 104 308 440
Zn 54 56 - <1000 139 63 83 - 1400 - 157 115 - 320 525
Cr 10 10 5 - - 5 - - - - - - - - 31
Ni 115 130 15 <3000 - S 249 230 - - 135 82 440 314 208
Co 66 80 30 - - 1 223 250 - - 52 43 6 124 338
\% 78 84 55 - - 66 84 - - - 180 - - 538 230
Mo 7 9 - - - 29 557 - - - 89 17 - 730 100
Ba 200 200 1070 - - 103 3200 - - 6 7862 226 400 - 660
Li 147 139 - - - 3 - - - - 178 - - - -
Rb 93 92 - - - - 22 - - - 54 - - - -
Sr - - - - - 400 600 - - - 1384 168 - - -
Cd - - - - - - - - - - 24 - - - -
Age Pit Pit Pit(?) - H1 HI Pit(?) Plt - - HI-Plt, | Ply?) Piy(?) Plt Mio

M —Marsili; St — Strombolichio (Bonatti et al., 1972); E.E. — Enarete and Eolo (Rossi et al., 1980); San — Santorini Lagoon (1- Butuzova, 1969; 2 — Smith and Cronan, 1975);
ST - Southern Tyrrhenian (Lametino) (Rossi et al., 1980); E.sl. — Eastern slope of the Tyrrhenian Sea (Castelarin and. Sartoni, 1978); P — Palinuro (M — ore deposits, Sb— 1000,
Bi — 500, As — 860 ppm,; S — sulfides from the deposits, Sb — 9100, As — 2400, Ag — 220, Hg — 400 ppm (Minniti and Bonavia, 1984); E — Eratosthenes Seamount (Vamavas
et al., 1988); S — Strabo Trench (Nesteroff, 1981); TAG - TAG area (Toth, 1980); BM — Brazilian Basin Seamount (Emelyanov and Trimonis, 1983); NS — Norwegian Sea
(Emelyanov et al., 1978).
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biogenic sedimentation will inevitably lead to accumulation
and . &Zfent bottom sediments. Now is the time for a thorough
of 3; of all these processes. The newly compiled maps of bottom
iudiments will undoubtedly be useful for providing a baseline for
SUChI;tug:;'e parts the expansion of existing sedimentary areas
and the formation of new biogenic sediglentary areas due to the
decrease in the diluting terrigenous silicate input has already
begun. This process is most probable for the area near the Danube
esten Black Sea), the area off the Nile Delta, and the

(northw :
northemn Algero-Provence and Central Basins.

TECHNOGENIC POLLUTION

The Black Sea. '
The latest investigations have discovered great areas of

technogenic pollution in the Black Sea. Technogenic processes
affect and influence all components of the environment (Shimkus
and Komarov, 1993; Konsulova, 1992). Intensive accumulation of
pollutants occurs in bottom sediments. They are mainly washed
out from the coastal zone by waves and currents along with pelitic
material, but they reside for a rather long time in semi-closed bays
and especially in their narrower parts.

A huge volume of pollutants (oil products, pesticides, heavy
metals, radionuclides etc.) are supplied by the big rivers which
traverse and drain numerous industrial centers and areas with
intensive agriculture. These persistent pollutants are spread over
the whole basin in accordance with the processes of terrigenous
sedimentation. They are dispersed over large areas by surface
currents and they are concentrated close to slopes by subbottom
currents. This modern debris cone is very stable and becomes
a powerful source of secondary pollution. One should emphasize
the considerable polluting role played by small rivers (especially
in their shallow parts) which drain mountainous catchments
with resorts, agricultural complexes, and ports developed in the
Black Sea near the Caucasus. Monitoring of the Black Sea off the
Caucasus and in Burgas Bay (Bulgaria) as well as other areas is
crucial (Shimkus and Komarov, 1993).

The Mediterranean Sea.

The scale of pollution within the whole Mediterranean basin
has not yet been determined. We can just presume that pollution is
less than in the Black Sea, mainly because of the far greater extent
of the Mediterranean Sea and of the more intensive exchange with
the Atlaptic Ocean. In addition extensive areas of the drainage
System in Africa are both sparsely populated and filtered by the
meandering river networks. The vast areas of the Central and
Eastern Mediterranean Basins off Africa, characterized by very
slow rates of terrigenous accumulation, are not greatly threatened
by pollution,
 Nevertheless, the eastern part of this zone is under the
influence of the Nile drifts, which despite the vast volumes
of accumulation in the submerged parts of the Nile fore-delta
(Shimkus, 1981; Emelyanov and Shimkus, 1986), were found
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to have considerable technogenic pollution. The main part of the
finely dispersed material is supplied from the fore-delta and mainly
distributed to the southeast where it passes along the Levant coast.
It is deposited on the continental slope as a debris cone and in the
adjacent abyssal deeps. -

Waters of the Ebro (and Po) Rivers, polluted by technogenic
wastes, form coarse sedimentary bodies in the fore-delta with
heightened concentrations of heavy metals, radionuclides, and
other dangerous pollutants. In the Alboran Sea the debris cone
from the Ebro River forms close to the Pyrenean and Catalonian
continental slopes. It is associated with the intensive transport of
terrigenous material by near-bottom currents along submerged
valleys. The Rhone River supplies vast quantities of drift into
the intensively subsiding central part of the Gulf of Lyon, which
is marked by high rates of accumulation of terrigenous material
(Shimkus, 1981). Extensive volumes of finely dispersed material
are also supplied to the slope and its base by surface currents. The
drift distribution of other big rivers is similar.

Thus, the process of technogenic pollution accompanies
the recent sedimentation which has occurred over vast areas of
the Mediterranean Sea. The principal way that pollutants are
distributed among the bottom sediments, and the influence of both
large and small sources of pollution, can be determined from the
terrigenous-mineralogical provinces of sandy-aleuritic and clayey
materials within the Mediterranean. However, the consequences of
further reductions in runoff have to be considered.

The open sea also suffers from extensive ship traffic which
contributes its share of oil pollution and jettisoned garbage.
Manned dives from the R/V ‘Vityaz’ and ‘Akademik Mstislav
Keldysh’ found bottom pollution by bottles and other trash.

Data obtained in the coastal areas (Piper et al., 1983; Baseline,
1983; Pellegrini et al., 1992; Yaramar et al., 1992; Odzak and
Zvonaric, 1992; Minganti et al., 1992; Jureti et al., 1992; Hanna,
1992; Balci, 1992; Ergin and Yiicesoy, 1992; Rifaat et al., 1992)
show that the most polluted areas are intensively subsiding fore-
deltas, and large and small bays.

Organic carbon content increases up to 11.01% due to
drainage in Patraikos Bay near Patras, but it is only 5.84% near an
industrial zone while the quantities of Fe and Mn in the sediments
decrease to <3 and 0.10% respectively (Varnavas and Ferentinos,
1982; Vamavas, 1981, 1984, 1989). A high content of C__ (6.38%)
was discovered in subcoastal sediments in Polygon Vr-IV near the
town of Piles on Navarino Bay (Vamavas et al., 1984) and 4.20%
Fe and 0.19% of Mn.

High concentrations of nitrates and some other kinds
of nutrients are also found in many subcoastal parts of the
Mediterranean Sea, e.g. in eastern part of Adriatic Sea (Vukadin
and Stojanovski, 1992).

Sediments of some subcoastal parts, especially in the gulfs, are
very polluted by heavy and other metals. Thus, for example, the dry
sediments in the Bay of Venice reach concentrations of: Zn - up to
5930 ppm, Cu - up to 463 ppm, Pb - up to 278 ppm, Cd - up to 25.4
ppm (Pavoni et al., 1987); and in dry sediments in Izmir (Turkey)
they reach: Zn - up to 819 ppm, Cu - up to 213 ppm, Pb - up to 305
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ppm, Cd - up to 6.6 ppm (Gey and Mordogan, 1988).

The level of technogenic pollution is higher in lagoon deposits
than those in bays, with the highest pollution in Venice lagoon.
Thus, pollutants are stopped on their way to the sea by lagoons,
lakes and by other sedimentation traps

TECHNOGENIC POLLUTION BY RADIOACTIVE
MATERIALS

Many technogenic pollutants from drainage systems migrate
together. To some extend they are separated in sedimentary basins
by the processes of geochemical and granulometric differentiation
of the sedimentary material. Only radioactive materials remain
aloof. They not only occur as solid and liquid industrial wastes,
as radioactive materials and fertilizer byproducts (Georgescu et
al.,, 1992a, b; Gasco Leonarte and Anton Mateos, 1992 etc.), but
also as byproducts of nuclear explosions, atomic power stations,
etc. Data obtained (Kendi, 1992; Tassi Pelati et al., 1992; Shimkus,
1993; Topcuoglu and Bulut, 1992; Georgescu et al., 1992a, b) show
extensive distribution of radionuclides, some connected with the
Chemobyl catastrophe.

PRACTICAL SIGNIFICANCE OF THE MAP

The map syntheses our knowledge about the distribution and
composition of the sediments. It provides graphical information on
the location of the various types of sediment, sedimentary rocks,
and mineral resources. It may be used for:

1) Further scientific studies into the present sedimentary structure
and history of the Mediterranean Sea,

2) Planning of scientific expeditions and

3) Educational purposes. In addition the map may be used for

4) Navigation,

5) Fishing grounds,

6) Ocean dumping,

7) Pollution studies - defining centers of pollution and protecting
nature,

8) Technical tasks such as laying out cable routes or pipelines
(e.g. the Black Sea segment of a pipeline from Gelendjik to Turkey
and from Turkey to the Central Asian oil fields), or

9) To serve as an example for compiling similar maps of
other marine basins or oceans, as part of the IOC-IHO program
of making geological overlays to other series of International
Bathymetric Charts.

THE MAP LEGEND (FIGURE 17.8)

How to read the maps.
Explanatory Notes by E. M. Emelyanov.

The IBCM-SED map (Emelyanov, Shimkus and Kuprin,
1996) contains a great deal of sedimentological information in
the form of three overlays consisting of colors, symbols, and
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hatching. The legend for this map was the topic of several years of
experimentation by the authors, with annual discussions with the
members of the Editorial Board of the IBCM. The 1:5M reduction
that accompanies this volume is an exact mosaicked reproduction
of the ten sheets of the original 1:1M scale map. The smaller size
of this reduction makes the legend very difficult to read, much less
to understand. For this reason the legend on Sheet 6 of the IBCM-
SED series is reproduced here in Fig. 17.8. The explanation below
endeavors to explain this legend and thus facilitate the use of the
map.

Colors.

Two colors, gray and blue, form the background of the map.
Areas with no data are shown in white. The gray denotes areas
with primarily terrigenous sedimentation, ie. more than 50%
terrigenous material. There are three shades of gray; dark gray is
>90% terrigenous, medium-gray is 70-90% terrigenous, and light
gray is 50-70%. Most of the map is shades of gray, reflecting the
dominant terrigenous sedimentation of this internal sea. The blue
color denotes areas of primarily carbonate sediments. Again there
are three shades; dark blue is >90% CaCO,, medium blue is 70-
90% CaCO,, and light blue is 50-70% CaCO,. The blue shades are
found mostly in the southeastern parts of the map.

Previous works on the subject made us think that biogenic
carbonate sediments predominate in those parts of the ocean
basins where they are not diluted by terrigenous material. In arid
areas where river runoff is absent, there is a minor terrigenous
contribution to the bottom sediments, which mostly explains the
blue areas between Tunisia and the western Nile Cone. Gray areas
along this margin mostly reflect a dominant eolian component from
the deserts to the south.

East of about 30°E, notwithstanding the arid climate, the river-
borne load of terrigenous sediments from the Nile predominates.

In the north the gray areas reflect the major terrigenous
contribution from the Rona, Po, and Ebro Rivers. Dark gray strips
off the mouths of these rivers are the major pathways whereby
suspended material is transported from these rivers to the ocean,
where they are often disbursed by the cyclonic multiscale surface
current gyres. This is evident off the Nile where the drift is
transported from the continental shelf down the continental slope,
following the submarine topography.

Upon reaching about 34°N, one portion of suspended matter
(seemingly a deep-sea turbidity layer) tums to the west looping
around Eratosthenes Seamount from the north. The second portion
of terrigenous suspended matter continues along the coasts of
Israel, Lebanon, and Syria to Iskenderun Bay, and then heads
west to 33°E. North of Cyprus the characteristic Nile deposits are
predominantly allochthonous, consisting of monoclinic pyroxene,
montmorillonite, organic carbon, Fe, Ti, and other chemical
elements (Emelyanov, 1994).

The distribution of river-borne sediments in the Adriatic along
the east coast of Italy is marked as a dark gray band.

Several dark gray strips stretch along the continental slope
in deep water. An example is the northward pointing promontory



Torr

GENETIC GROUPS OF SEDIMENTS

=

Biogenic carbonate sediments (b i¢ carbonates pr t)

d (>60% terrig material)

Terri, dimants (>90% t
e S AR > o0 o

Terrigenous low-caicareous sediments (90-70%
terrigenous material, 10-30% CaCOs)

Biogenic-terrigenous calcareous sediments
(80-70% terrigenous material, 30-80% CaCOs)

Eoclian sediments (pure or mixed with other
sediments)

Turbidites

TYPES OF SEDIMENTS

ACCORDING TO GRAIN-SIZE

m Algee, corals

Vol g d >50% vol genic material)

¢~
2
&

Sand
100%

Pyroclastic material (>30% of sediment)

Biogenic high-carbonate sediments (>80% CaCOs)

Biogenic carbonate sediments (70-90% CaCOs)
with a small amount of terrigenous material (10-30%)

Terrigenous -biogenic carbonate sediments (50-70%
CaCOs, 30-60% terrigenous materisl)

Sod hnd, .

L4 rag
{coquina,coral, aigae and other clastic tormations)

Coquina (fraction >4.0 mm predominant)

g 2 able e of

detritus (2-4 mm)

Coral (or coral frags pred )
Pteropod sand and silt

Foraminiferal sand and silt

Coocolith (nanno) ooze

Pteropod-toraminiterat or foraminiteral-pteropod
sand and silt

ggceolllh'lornmlnlhnl or orsminiferal-coccolith
z0

Figure 17.8: Legend of the IBCM-SED, modified after Emelyanov, Shimkus, and Kuprin, 1996. Note that on the map the legend appears in both English and French.

v (10-50% pyrociastic material)

Sediments enriched by pyroclastic material - .

v Outcrops of ancient volcancgenic rocks

Chemogenic sediments —

0] =
© Ooiitic, spherolitic sand
[0)
T T Chemogenic diagenetic carbonate formations
< Gypsum crystals
<
i = = Ferro-manganese nodules

Supplementary symbols (particular types of sediments)

7/
/ / Low-ferruginous sediments
/ (Fe=8-10%)

[}
/ 4 L L diment
oW MANGANeSe 30 s
yi / (Mnw0.2-5%) <70%( >70%
~_—

M

M Montmorillonitic clay

Bathymetiric and land contowrs
{interval: 200 m)

2. Silty sand

3. Muddy sand

4. Clayey sand

6. Sandy sit

6. Sandy mud

7. Sandy clay

8. Silt

6. Mud (silt and olay)

10, Clay

Note: In small areas the number corresponding to
® -size I8 given in nlllgl In addition plo"% °,

Line dividing mud and clay Into 2 subtypes:
with traction <0.01 mm conient less than 70
with fraction <0.01 mm content more than

s sym

=

SERIES TO BE REFERRED TO AS:

EMELYANOV EM., SHIMKUS K.M. KUPRIN P.N. 1996
Unéwn'o.c:,lahéod Bottom Su

rlace Sediments of the Mediterranean
eas. Intergovernmental Oceanographic Commission

ESCO). IBCM Geol-Geoph. Series.
Scale 1:1000 000, 10 sheots.

St. Petersburg, Russia.

EXPEDITIONS (VESSELS)
AND SYMBOLS OF STATIONS

® Akademik S.Vavilov, Russia
A Axademik Kovalevskiy, Ukraine
@ Vityaz-l Vityazil, Russia
O Moscow University. Russia
B Axademlk Petrovskiy, Russia
7 Akademik Nikolay Strakhov, Russia
A Akademik Mstislav Keldysh, Russia
@ Gelendzhik, Russia
X Atlantis II,USA
® Robert Conrad USA
O Vema, USA
& Pilisbury,USA
© Chain,USA
© Atbatross,Sweden
@ Shackl United Kingd
{ Discovery.United Kingdom
7 Le Surolt France
@ Bannock, ltaly
O MNalian data
@ Turkish data
@ lsraeli data
© Greok data
475 Number of station

HISTOGRAM OF GRAIN-SIZE DISTRIBUTION

1-0.260-0,062mm
2-0.062-0.031
3-0.031-0.016
4-0.0156-0.004
$-0.004-0.001
8-<0.001

s e

NOTE
0% Submarine and land topogrephy
geographic names and the coast-
line are from the firat edition
(1981) of the Intornational Bathy-
metric Chart of the Mediterranean.

SDAG YODJG PUD UDIUDAIIIIPIPN Y] JO S1uaupas 1Ud23Y - qHASINIGI

L0T



208

extending 400 km into the Algerian-Provencal Basin from the foot
of the slope off Algeria. This strip comprises terrigenous muds
formed as a result of denudation of the Atlas Mountains in North
Affica.

A second dark gray strip extends 300 km southward from
the Straits of Messina. The sedimentary pattern closely follows
the deep-sea and bottom current flows, which we recognized
earlier from the distribution of mica in bottom sediments (mica is
evacuated from Sicily to Ras es Sider Bay in Libya - Emelyanov,
1972). This strip stretches from Otranto Strait to the deepest part
of the Central Basin, marking the route of this terrigenous material
from the strait.

Two important inferences can be drawn from the gray
terrigenous sedimentary patterns:

1) The dark-gray strips mark deep-sea and bottom currents,
indicating their existence, direction, and strength.

2) These strips reveal source areas, tracks, and transport distances
of possible pollutants. Of primary interest should be nuclear wastes
from atomic power stations, if their grain-size is commensurate
with the clay fraction.

In the deep areas off the mouths of the Nile and Rona Rivers
are twinned blue areas with carbonaceous sediments. They appear
to be related to two cyclonic deep-sea gyres. In the Provencal Basin
they indicate that large quantities of suspended river run-off load do
not penetrate far beyond the edge of the continental slope.

Small blue areas in the deeps, e.g. west of Cyprus, in the
vicinity of Hellenic Trenchs, and the Tyrrhenian Sea, are related
to isolated highs like submarine ridges or seamounts. This would
suggest that near-bottom currents are the primary movers of
suspended terrigenous material in the deep-sea and the ‘biogenic
calcareous caps’ on the highs are not significantly diluted by
terrigenous material.

Blue areas around Sardinia, Corsica, and the Balearic Islands
reflect the fact that:

1) There are no large rivers on these islands, and the total amount
of sediment delivered by small rivers is very small;

2) The climate in this region is very warm and hospitable to
benthos and plankton with calcareous skeletons or shells.

The blue color of the Sea of Crete reflects that the climate in
the area is rather warm, there are no rivers on the nearby islands,
and that suspended flows are weak or absent.

The two blue areas in the deep parts of the Black Sea indicate
that:

1) Terrigenous material from mountainous drainage basins only
accumulates on the shelves, slope, and the base of the slope;

2) There are two powerful cyclonic gyres and the biogenic
sediments form at their centers. These blue areas are oblong owing
to the irregular influx of terrigenous material to the basin center.

In the northwestern Black Sea the shallows are primarily
blue and calcareous despite of the presence of the large Danube,
Dnieper, and Dniester Rivers. The narrow dark-gray strip stretching
southward along the coast from the Danube indicates the path of
most of the river load, including pollutants. The absence of gray
strips near the Dnieper and Dniester mouths shows that the total

E. M. Emelyanov, K. M. Shimkus, and P. N. Kuprin

sediment load delivered to the Black Sea is insignificant. Both rivers
enter brackish lagoons, which serve as effective sediment traps.

Comparison of the IBCM-SED with the IBCM-PQ (Pliocene-
Quatemnary) sediment isopach maps indicates that a dramatic
rearrangement occurred in the river-bom terrigenous sediment
delivery systems. The Nile drift changed from a NNW direction
to the present ENE, the Po River sediments moved SE, and the
Danube River to the SSE as far as the central part of the sea. This
happened for a variety of reasons, the most important being that:

1) Rélatively low sea levels, especially during glacial periods,
delivered the river load directly on the continental slope.
2) Straits shallowed by 100-200 m, and even closed.

Sea level lowering decreased exchange between ocean and sea
and between basins, and altered the circulation pattern of surface
and deep-sea currents. The Pliocene-Quatemary sediments were
notably thicker. Owing to climatic factors the deltaic cones of the
Po, Danube, and Rona Rivers were rather indistinct.

The melting of the glaciers in the Alps, Pyrenees, and northern
Europe provided great volumes of sediments, even more than in the
Holocene transgression. This formed thick Pliocene-Quaternary
debris cones where the Dnieper, Dniester, and Danube Rivers enter
the western Black Sea. The same happened off the Po River, and
elsewhere. Now the input of river-borne sediments to the deep-sea
is considerably less.

Although volcanogenic sediments are commonly denoted
by red-shaded areas, this color is essentially non-existent on the
map. Despite the large number of active volcanoes in the area,
there are practically no accumulations of volcanogenic sediments
on the seafloor. Volcanogenic material is sparsely dispersed over
wide areas and can be found mainly in the Tyrrhenian Sea in the
terrigenous sediments in trace amounts.

Symbols.

Symbols are printed on the background colors to indicate
various admixtures to the terrigenous or calcareous sediments, or
other peculiarities. Twenty-four such symbols appear on the legend.
As shown on the legend (Fig. 17.8) which appears on Sheet 6 of the
IBCM-SED series, they are:

1) A gray-brown (desert) symbol consisting of two wavy lines
like a flapping = sign shows the presence of notable amounts of
eolian material from the African deserts in the sediments.

Biogenic carbonaceous sediments (blue) contain relatively small
amounts of this non-biogenic component. If the sediment contains
up to 50-70% biogenic and chemogenic carbonates, then eolian
and river-bome terrigenous inputs contribute the remainder, half
of which is estimated to be eolian, with the amount decreasing
with distance offshore from Africa. This estimate is borne out by
the sediments’ high wind-blown quartz content (Emelyanov and
Shimkus, 1986) and the higher absolute age of debris minerals (>
200 Ma), which is only characteristic of those in African desert
soils.

The great number of these yellow-brownish wavy symbols
within a light-gray site just north of the Gulf of Sidra indicates that
the eolian accumulation exceeds that of the carbonates.
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2) Turbidites are indicated by a black equalit}f symbol (=) yith
dots between the lines. They are .gfmerally terrigenous materials
rted to the deep sea by turbidity currents. The same symbol
in blue marks biogenic carbonaceous turbidites, again brought by
idi ts.
m?;%yec;n;:r half of a circle denoteg half a mo!lusk shell, and
denotes coquina with the >4.0 mm fraction predommapt. .

4) An X with a dash through it depotes oortal sediments, with
coral fragments predominant, and possibly remams.of corals, algae,
and other bottom organisms like stars and sea-urchins.

5) Acombination of the above two v.vith tn'ang{es, which represent
fragments of mollusk shells, indicates sediments containing
abundant bioclastic fragments, such as coquina, coral, algae and
other clastics.

A narrow dark-blue strip stretching along the eastern North
African coast indicates highly carbonaceous sediments. It is
interspersed with the three symbols described above.

6) Half circles and triangles are sediments containing a
considerable admixture of 2-4 mm detritus. The proportion of one
symbol or the other indicates the appropriate predominance.

7) A symbol consisting of two lobes resembling boat sails or
a cone snail on its nose denotes pteropod sand or silt, marking
an abundance of fragile and transparent mollusk shells in the
sediments.

8) Spiral-shaped symbols resembling mollusk shells denote
foraminiferal sand and silt. A blue area littered with such symbols
indicates the occurrence of carbonaceous foraminiferal sediments,

9) A blue ‘+” symbol indicates a coccolith (nanno-) ooze, i.e. the
sediments contain a considerable amount of calcareous remnants of
the smallest algae-coccolith (nannoplankton).

10) A combination of the spiral and sail-shaped symbols
against a blue background indicates a pteropod-foraminiferal or
foraminiferal-pteropod sand or silt, depending upon which symbol
predominates. Such sediments are abundant in areas with depths of
not more than 2000-2500 m, or on isolated elevations.

11) A combination of the spiral and ‘+” symbols against a blue
background indicates a coccolith-foraminiferal or foraminiferal-
coccolith sand or silt, depending upon which symbol predominates.
These sediments occur at depths of more than 2500-3000 m. They
are at maximum depths and large distances from the shelf. Pure
nanno-muds haven’t been found, but this type of sediment is present
locally in the Tyrrhenian Sea, but can’t be identified because of the
small-scale of this map.

12) Reefs are indicated by an ‘R’ symbol.

13) Algae and corals are indicated by an ‘m’ symbol.

14) A symbol showing a red arrow pointing upward from a
horizontal ellipse marks volcanogenic-hydrothermal formations.
Only four locations with present (Holocene) hydrothermal activity
are known in the Mediterranean Sea, they are found near Ischia
Island, by Stromboli Volcano, on the crest of Marsili Seamount in
the T)(rrheniem Sea, and in the Santorini Island lagoon in the Aegean.
Despite the high seismicity in the collision zone along the northern
Mediterranean, its contribution to the formation of volcanogenic
and hydrothermal ores is fairly insignificant.
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15) Reddish-brown ‘V’ symbols indicate more than 50% of
pyroclastic material. These areas are small and located in the
Tyrrhenian and Aegean Seas. Volcanism has little influence beyond
the Bay of Naples, the Aeolian Islands, the volcanic Marsili
Seamount, and some other areas. ;

18) Round green circles with a central dot indicate oolitic and
spherolitic sands. These symbols can be found against a deep
blue background on the continental shelf of eastern North Africa.
In these regions, characterized by an arid climate and seawater
oversaturated with carbonates, limestone ooliths (consisting of a
nucleus with a round calcareous covering) are formed by chemical
processes. The terrigenous sediments also contain comparatively
small amounts of calcareous biogenic remains of shells, skeletons,
and debris. These components gradually decrease.so that the (pale
gray) calcareous terrigenous sediments grade into (darker-gray)
purely terrigenous ones.

19) A horizontal green dash symbol with ‘down-ward tail’
indicates chemogenic diagenetic carbonate formations. It is
preferentially located against a blue background in the eastern
Mediterranean. These symbols show locations on the seafloor
where magnesium-calcareous hemogene-diagenetic concretions
are preferentially formed and are present.

These concretions on the sediment surface are cemented crusts
of calcareous muds, but their ‘roots’ penetrate up to 10-15 cm
into the sediment. The roots often consist of very sharp spines
(needles) of aragonite and calcite. These green symbols appear in
arid zone regions, where the sedimentation rate is fairly low so the
congcretions are not buried by terrigenous or biogenic particles. The
temperature of the near-bottom water is anomalously high relative
to the ‘normal’ ocean bottom temperature, and both the near-bottom
and interstitial-waters are over-saturated with calcite.

20) A green ‘<’ symbol indicates gypsum crystals. In areas
where salt brines are found in small hollows on the seafloor, a
great many large (up to 3-5cm) crystals of authigenic gypsum and
microscopically-small crystals of strontianite and ferrous sulfide
can be found e.g. the stagnant Bannock Basin at 34°-20°N, 20°E.
The same features are also seen at several other locations, mainly
on the northern flank of the East Mediterranean Ridge, and at sites
too small to plot at this scale near the Hellenic Trenches.

21) A red ‘o0’ symbol indicates the presence of ferro-mangenese
nodules (FMN), small and flat in shape, in the sediments. They are
only found within small areas of the Black Sea, east of Crimea.
These nodules are not found in the Mediterranean Sea, despite its
diverse facies and areas enriched in Fe and Mn, which contribute to
their formation. The reasons for this are apparently as follows:

a) Input of Fe and Mn to the sea is relatively small compared
with other seas; their concentrations in seawater are low; and their
participation in the biological cycle is minimal, owing to the low
rates of biological productivity.

b) The lysocline and CCD are not present, with the result that
these metals aren’t derived from dissolution of calcareous shells
and added to the sediments in the form of Mn and Fe hydroxides.

¢) The bottom sediment rates of accumulation are relatively high,
thus any slowly growing nodules on the surface would be quickly
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buried and then dissolved while still in an embryonic state.

22) Brown slanted lines indicate low-ferruginous sediments with
6-10% Fe. This is mainly supplied as pyroclastic material below the
Apennines slope, as it can be seen from increased contents of Fe,
Zn and Rb in the sediments (Emelyanov, 1972, 1998).

The eastern part of the Levantine Sea is crowded with these
diagonal brown lines indicating the weakly ferruginous sediments
of the Nile province which is easily distinguishable by its increased
Fe content (Emelyanov, 1966, 1994). Iron, titanium, and some trace
elements are transported into the Levantine Sea from the Abyssinian
Plateau, where basal weathering crusts are exposed on the drainage
basin surface. Thus there is a 4500 km genetic connection between
northern Equatorial Africa and the Levantine Sea.

23) Red slanted lines indicate low-manganese sediments with
0.2-5% Mn. This is supplied in the form of solutions in deep-sea
muds of the Tyrrhenian Sea which increase the Mn content (as well
as phosphorus) to a value about 2 times larger than that of sediments
in the Algerian-Provence Basin. Unfortunately, this enrichment in
these elements cannot be reflected on the map because of limitations
in the scale and scope of the legend. More details are available in
the earlier publications of Emelyanov (1998) and Emelyanov and
Shimkus (1986).

Other areas lie in the Levantine Sea south of Cyprus and off Port
Said on the Nile Delta. A notable proportion of manganese and iron
is supposedly brought to the Levantine Sea by the Nile, inferring
that there is a depositional system, which in terms of the marine
chemistry, displays considerable differentiation of the elements
iron and manganese. As the element of lesser mobility, iron mostly
precipitates near the Nile’s mouths, while both iron and manganese
are precipitated a long distance away. Nevertheless, sediments
enriched in manganese are found in the deep-sea part (200-1500
m depths) of the SE Nile Province as well, indicating partial
precipitation of fine Fe and Mn-enriched Nile River sediments.

In this region, the major current transporting suspended matter
away from the Nile River mouths changes from an easterly
to northerly direction. The current speed evidently decreases,
facilitating the precipitation of very fine clayey particles as slightly
manganous clays on the seafloor.

Slanted brown and red dashed lines also indicate that a certain
amount of ferruginous and manganous material is supplied to the
Tyrrhenian Sea from volcanoes.

24) A green ‘M’ symbol indicates montmorillonite clay.
Montmorillonite is the main (and practically the only) component
of muddy Nile alluvium (Rateev et al., 1966). It is found from the
Nile delta up to the passage between Cyprus and Syria (at 36°N),
suggesting that the fine (clayey) Nile sediment load does reach this
area.
If muds are not labeled with the ‘M’ symbol they are either
dominated by kaolinite, montmorillonite and illite, or clean illite.

Hatching patterns.

Ten hatching patterns consisting of colored horizontal solid
lines, dashed lines, and dots indicate the different granulometric
types of bottom sediments, according to their place in the Folk’s
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triangle, i.e. whether they are coarse or fine-grained. The grain-
size composition of sediments influences their main physical
characteristics and properties. It is of primary interest to engineers
involved in any type of underwater construction activities.

The Folk’s triangle (Fig. 17.2) consists of an equilateral triangle
with ten compartments. Three colors, grayish-green, violet-mauve
(lilac), and orange-brown define the grain-sizes grading from the
sand to clay fraction, the sand to clay-silt fraction, and the sand
to silt fraction respectively. The ten compartiments, and their hatch
patterns are as follows:

1) Sand; brown dots.

2) Silty-sand; brown dots with orange-brown dashes.

3) Muddy-sand; brown dots and violet-mauve dashes.

4) Clayey-sand; brown dots and grayish-green dashes.

5) Sandy-silt; brown dots and orange-brown dashes.

6) Sandy-mud; brown dots and violet-mauve solid and dashed
lines.

7) Sandy-clay; brown dots and grayish-green solid line.

8) Silt; orange-brown dashes.

9) Mud (silt and clay); violet-mauve solid and dashed lines.

10) Clay; grayish-green solid lines.

We believe that the pattern of colored dots and horizontal
lines makes it possible to determine at first glance what types of
sediments - aleuritic, muddy, or clayey in terms of grain-size, are
where.

Areas with only brown dots are pure sands, they are mostly
found on the African and other shelves. The addition of solid and
dashed lines indicate the fining of the granulometry. Dashed areas
are sediments with several grain-size types. Dotted and lined areas
are sediments having large content of sand material (50-90%),
including muddy sand, sandy silt, and clayey silt (types 2, 3, 4). A
combination of dashed and solid lines with brown dots indicates
sediments containing large amounts of silt material (50-90%).
These are sandy silt, muddy sand and clayey silt (types 5, 6, 7).

Finally, lined areas with no dots (types 8, 9 and 10) are
sediments, in which sand is absent. These sediments contain small
amounts of sand (<10%), if any. Such sediments are abundant in
the Levantine Sea, the Hellenic Trenches, the Central Basin, the
Algerian-Provencal Basin, and some other places. Horizontally
lined areas free of dots are silt (8), mud (9), and clay (10). All these
types are situated at the bottom of the triangle. ‘

Large black numbers in italics indicate small areas of seafloor
where sediments are dominated by a particular grain-size type
whose pattern would be hardly distinguishable on the map. The
numbers (from 2 to 9) indicate the appropriate compartment in
Folk’s triangle.

Histograms from Geological Sampling Stations.

Twenty-two different black symbols (Figure 17.8) are used to
identify the locations of geological sampling stations occupied by
research vessels of nine countries. Each station has an identifying
number. At some stations histograms are plotted for the grain-size
composition of the uppermost 0-5 cm of the bottom sediments. The
histograms have six columns, representing from left to right the
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0.250-0.062 mm, 0.062-0.031 mm, 0.031-0.015 mm, 0.015-0.004
o, 0,004-0.001 mm, and <0.001 mm fractions. The total height
of the columns on the histogram is 100%. To calculate contents of
any grain-size fractions, one only needs to measure that column
relative to the cumulative length.

Pelagic Mud Subdivision.

Pelagic muds consisting of varying proportions of <0.01 mm
fraction are separated from each other by a dashed line which is
easily distinguishable by its brown color. Hachures along the
dashed line indicate that in the first area this fraction contributes
>70% of the mud, while in the second one it is responsible for less
than 70%. This brown dashed-line is used in the legend to facilitate
the subdivision of pelagic sediment called ‘mud’, covering more
than 50% of deep-sea area, into finer and coarser muds. Such a
subdivision of muds makes our classification scheme close to that
one increasingly popular in Eastern Europe and Russia (Bezrukov
and Lisitzin, 1960). According to this classification, if the sediment
(mud) contains more than 70% of the <0.01 mm fraction, it is called
pelitic (clayey) mud; if it contains less than 70% (50-70%), it is an
aleuro-pelitic mud. Such a subdivision of mud into finer and coarser
types is a good way for marine sedimentologists to understand the
mechanism of differentiation of sedimentary material, and to also
give ideas about mud sources and routes of transportation.

There are a number of white seafloor locations on the map,
especially in the outermost areas of the Aegean and Adriatic Seas,
and also near the coast of France. In these regions there was either
a lack of data, or the information was unavailable at the time of
compilation.

Map Background - IBCM Base-Map.

The map in the background is the standard bathymetric base
map for the International Bathymetric Chart of the Mediterranean
(IBCM - Morelli and Val’chuk, 1988). Land and marine contours
are drawn every 200 m, with additional 100 m, 50 m, and 20 m
contours on wide shelves. Maximum depths are 5,000 m. This
base map is from the original 1983 IBCM (Morelli and Val’chuk,
1988).

It can be seen that in many cases the bounds of the various
sediment types are in reasonably good agreement with depth
contours. Indeed, the types and varieties of sediments change as
the depth increases (i.e. bathymetric zonation can be traced). For
example, sands and silty sands are abundant mainly within the
limits of the 0-200-m depth contours; sandy silts and silts — within
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the 200-1000 m depth contours; clays — at depths of 2000-4000
m, and so on. Thus analysis of the sediment map enables various
aspects of the bottom topography to be deduced (and vice versa).

Availability of the IBCM-SED map sets. .

The IBCM-SED map sets were printed by the Head
Department of Navigation and Oceanography (Russian Federation'
Navy) in Saint Petersburg, Russia. The legends are printed in
both English and French. The 1:1,000,000 scale map sets may
be purchased from Geopubs, 4 Gliebe Crescent, Minehead,
Somerset, TA24 5SN, England. Tel: +44-1643-709001. E-mail:
accounts@geopubs.co.uk
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MAIN FEATURES

Israel stretches along the southeastern Mediterranean coast. It
is a part of the southern Levant and within the heart of the Middle
Fastern Fertile Crescent. It is bordered by the wilderness of Sinai in
the west and by the Jordan-Dead Sea-Arava Rift in the east.

This small land of merely 27,000 km? exhibits a fascinating
geology, only matched by its archeology and history.

It comprises several morphotectonic regions. To the west,
bordering the Mediterranean coast, extends the Coastal Plain of
Israel, rising eastward to the peneplain of the Shefela. The valleys
of Yizre’el, Beersheva, and the southern Negev plateau separate
between the mountainous backbones. These are the mountains
of the Galilee and the Carmel, Judea, the Negev Highlands and
the Elat Mountains. To the east, the Rift encompasses the Jordan
River, the Dead Sea Basin and the Arava Depression. Further east,
the plateau of Jordan and the Golan Heights rise northward to the
Anti-Lebanon. Each of these regions has its particular geological
characteristics.

Main Physiographic features of the Israeli landscape

Israel is distinguished by its variegated landscape (Figs. IV.1
to IV.18). Deserts expose wild steep granitic hills and wide barren
limestone plateaus, whereas the mountainous areas are often
covered with vegetation. The world’s lowest point is now at 413
m below sea level at the Dead Sea (Fig. IV.16), not far from the
2814 m high summit of Mount Hermon (Fig. IV.12) just across the
border in Syria. It is also bound by the Mediterranean Sea to its west
and the Red Sea at its southemn tip (Fig. IV.18).

‘ In order to illustrate the breadth of physiography available in
this little wedge-shaped country between three continents, a series
of posters published in recent years (Hall, 1994, 1997, 2000a, b, c,
2002) are reproduced herein. Figure IV.1 shows the topography
derived from the gridded 25 m digital terrain model (DTM) of
Israel based upon digitization of the 10 m contours in the 1:50,000
topographical maps. Fig, IV.2 shows the geological map of the
country overlain on this topography (Sneh et al., 2000), a useful
referepge for the chapters to come. Figs. IV.4 through Fig. IV.16
are onginally posters at 1:100,000 scale showing the country as of
1987, based upon an orthophoto derived from merged LANDSAT

and SPOT satellite image with 10 m pixels. This dataset is available
for interactive visualization via the website www.rohrproductions.com.
Figs. IV.16 to IV.18 show the bathymetric contours of the Dead
Sea, the Sea of Galilee (Kinneret) and the Gulf of Elat, set into the
satellite imagery. Fig. IV.19 is a satellite image (Hall, 2000c) of the
area to the north of Israel, discussed in Part II of Volume 1.

The region can be subdivided into four north-south tectonically-
controlled physiographic belts.

PHYSIOGRAPHY
The characteristic variegated landscape of the southern

Levantine part of the Fertile Crescent can be subdivided into
longitudinal morphotectonic belts stretching between Sea and
Desert:-

1) The Coastal Plain and Shefela;

2) The Mountainous Backbones: the Galilee-Judea-Negev;

3) The Jordan and Arava Valleys - the depression of the Dead
Sea Rift;

4) The Golan Heights;

(1) The Coastal Plain and Shefela

The Coastal Plain is a long wedge-like belt, some 50 km wide
in the south, and totally pinching out at the protrusion of Mount
Carmel. The Coastal Plain widens again to about 10 ki beside Haifa
Bay, and then disappears as a transversal fault system brings the
western Galilee and Lebanese Hills down to the Mediterranean.

The offshore region includes the shelf, the slope. and the
deep sea floor. Emery and Bentor (1960), Nir (1973), Neev et al.
(1973, 1976) and Almagor (1976, 2002) present recent summaries
of the submarine topography and geology along the coast of the
southeastern Mediterranean. Almagor and Hall (1978) published a
detailed bathymetric map of the sea adjacent to Israel, and Hall et
al. (1994) give the bathymetry for all the eastern Mediterranean.

The continental shelf extends approximately to depths of 80-90
m, some 40 km offshore of El Arish. It becomes narrower toward
the north, and near Tel Aviv is about 15 km wide. Opposite Mount
Carmelitis reduced to about 5 kin. The shelfis generally smooth with
numerous ridgeline or irregular protrusions of ‘kurkar’, platforms
of eolian-like structures, and gas-produced pockmarks (Sade et al.,
2003). In the north it is deeply incised by Achziv Canyon.
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Figure IV.1. Landforms of Israel and adjacent areas. This
hypsometrically colored shaded relief image is
based upon the 25 m DTM of Israel, reinterpolated
to 100 m. New Israel Grid. Note the asymmetry
across the Dead Sea Rift, the 17 by 40 km slump off
Palmachim, and the numerous submarine canyons
off northern Israel.

Legend: Morphotectonic regions: (1) the Shefela
and Coastal Plain, (2) the mountainous backbones
of Galilee, (3) the Carmel, (4) Judea and (5) the
northern and central Negev, (6) the southern Negev
plateau and Elat Mountains, (7) the Golan plateau
and the valleys of (8) Yizre’el, (9) Beersheva, (10)
Jordan River, (11) the Dead Sea Basin, and (12) the
Arava.
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The Coastal Plain is a rolling terrain of low elevation, gently
inclined from the mountainous area in the east to the Mediterranean
coast in the west. The relief consists mainly of a belt of coastal dunes
and several ridges of ancient (Pleistocene) indurated dunes known
as ‘kurkar ridges’. These rise up to 30-50 m above the adjoining
valleys and lowlands.

The surface of the Coastal Plain is built up entirely of Quaternary
sediments. These include sand dunes, indurated ‘kurkar’ dunes, red-
brown ‘hamra’ soils, alluvial and colluvial deposits, and loess. The
distribution of these deposits serves as a basis for the subdivision of
the province into units.

Narrow sandy beaches border the Mediterranean shoreline, a
few tens of meters wide. From south to north, the broader, gently
sloping beaches of the Sinai coastal plain gradually give way to
beaches limited by coastal cliffs developed in calcareous sandstones,
and topped by recent sand dunes. In places, an almost continuous
belt of dunes rises gently from the beach to elevations of up to 70 m
and extends several kilometers inland (Figs. IV.5, IV.8). The sands
are carried from the Nile Delta by longshore currents and blown
inland by the prevailing westerly winds.

During the Quaternary diagenesis of loose sands proceeded in
two directions:

1) Production of kurkar (a non-specific local name for calcareous
sandstone), mainly an eolianite distinguished by a very high
carbonate content;

2) Production of red sandy clay loam soil called ‘hamra’ and its
associated catenas (Yaalon and Dan, 1992).

A belt of alluvial-colluvial soil associations covers the eastern
parts of the province, east of the kurkar ridges. These also extend
into the lower parts of the valleys of the mountain foothills, and
in the west along the lower tracts of the stream valleys into the
longitudinal troughs between the dunes and kurkar ridges.

(2) The Mountainous Backbone of Israel

This physiographic province is sharply bounded to the east
by the Jordan-Dead Sea Rift Valley and to the west by the Coastal
Plain. The highlands extend from Lebanon in the north to the high
Sinai plateaus in the south. The mountainous belt comprises high
mountains and vast plateaus exceeding 1000-1200 m in elevation.

Lithologically the rocks are mainly limestone, dolomite, and
marls. Minor constituents are sandstone and crystalline rocks.
The mountainous backbone is dissected by two conspicuous
depressions, the Yizre’el Valley in the north, and the Beersheva-
Arad Depression in the south. These divide it into into three sub-
regions (from south to north in Fig. IV.1): The Negev, the Judean
Mountains, and the Galilee.

By and large there is a good agreement between morphology
and structure, although in several places inverse morphology is
recorded.

Figure IV.2. Geological Shaded Relief Map of Israel and Environs, reduced
from Sneh et al. (2000). Computer generated geological map on the
digital shaded relief shown in Fig. IV.1.
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Figure IV.3. Coverage scheme for the poster reductions in Figs. IV.4 through IV.19. The projection is New Israel Grid, with a 20 km graticule. The shaded
area is that covered by the 25 DTM of Israel. The imagery in Figs. IV.4 through IV.17 is from the THE HOLY LAND SATELLITE DATABASE
PROJECT: This 10 m pixel imagery was made by merging the 28.5 m data from NASA’s LANDSAT 5 satellite with the French SPOT satellite. The
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NAZARETH

Figure IV.4. Nazareth. Sheet 1 of Hall (2000a). Reduction of Orthographic Satellite Imagery Coverage, Israel and Adjacent Areas. Scale 1:100,000. New
Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GSI/4/2000.
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Figure IV5, Ngtanya. Sheet 2 of Hall (2000a). Reduction of Orthographic Satellite imagery Coverage, Israel and Adjacent Areas. Scale 1:100,000. New
Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GSI/5/2000.
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Figure IV.6. Jericho. Sheet 3 of Hall (2000a). Reduction of Orthographic Satellite Imagery Coverage, Israel and Adjacent Areas. Scale 1:100,000. New
Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GSI/6/2000.
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JERUSALEM

Figure Iv.7. Je.rusa]em. Sheet 4 of Hall (2000a). Reduction of Orthographic Satellite Imagery Coverage, Israel and Adjacent Areas. Scale 1:100,000. New
Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GSI/7/2000.
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Figure IV.8. Ashgelon. Sheet S of Hall (2000a). Reduction of Orthographic Satellite Imagery Coverage, Israel and Adjacent Areas. Scale 1:100,000. New
Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GSI/8/2000.
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Figure [V.9. S§de Boger. Sheet 6 of Hall (2000a). Reduction of Orthographic Satellite Imagery Coverage, Israel and Adjacent Areas. Scale 1:100,000. New
Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GS1/9/2000.
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Figure IV.10. Mizpe Ramon. Sheet 7 of Hall (2000a). Reduction of Orthographic Satellite Imagery Coverage, Israel and Adjacent Areas. Scale 1:100,000.
New Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GSI/10/2000.
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ELAT-AQABA e e —

F‘gurC.IV.II. Elat-Aqaba, Jordan. Sheet 8 of Hall (2000a). Reduction of Orthographic Satellite Imagery Coverage, Israel and Adjacent Areas. Scale
1:100,000. New Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GSI/11/2000.
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DAMASCUS

Figure IV.12. Damascus, Syria. Sheet 9 of Hall (2000a). Reduction of Orthographic Satellite Imagery Coverage, Israel and Adjacent Areas. Scale 1:100,000.
New Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GSI/12/2000.
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IRBID-AMMAN

Figure [v13, Irbid-Amman, Jordan. Sheet 10 of Hall (2000a). Reduction of Orthographic Satellite Imagery Coverage, Israel and Adjacent Areas. Scale
1:100,000. New Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GSI/13/2000.
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Figure IV.14. Karak, Jordan. Sheet 11 of Hall (2000a). Reduction of Orthographic Satellite Imagery Coverage, Israel and Adjacent Areas. Scale 1:100,000.
New Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GSI/14/2000.
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Figure Iv.15, Petra, Jordan. Sheet 12 of Hall (2000a). Reduction of Orthographic Satellite Imagery Coverage, Israel and Adjacent Areas. Scale 1:100,000.
New Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GSI/15/2000.
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Figure IV.16. Dead Sea. Sheet 13 of Hall (2000b). Reduction of 1:100,000 scale Dead Sea bathymetric chart inset into Orthographic Satellite Imagery
Coverage. New Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GSI/16/2000.
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e Bathymetric Map of the Sea of Galilee

Figure IV.17. Sea of Galilee (Kinneret). Sheet 14 of Hall (2000b). Reduction of 1:50,000 scale Kinneret bathymetric chart inset into Orthographic Satellite
Imagery Coverage. New Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GSI/17/2000.
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Bathymetric Map
of the

Gulf of Elat/Agaba

Figure IV.18. Gulf of Elat/Agaba. Sheet 15 of Hall (2000b). Reduction of 1:250,000 scale bathymetric chart inset into Orthographic Satellite Imagery
Coverage. New Israel Grid, STM (LANDSAT TM and SPOT Panchromatic Merged) Imagery. Geol. Survey Israel Rept. GSI/18/2000.
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Figure IV.20. General Stratigraphic Scheme of Israel (after Freund, 1965 and Hirsch, 1990, p. 181, Fig. 3).

Legend: 1. Precambrian metamorphic complex: Eilat Shists and Gneiss; 2. Pan-African batholite; 3. Late Pan-African granites, rhyolites and volcanites;
4. Infracambrian Zenifim-molasses; 5. Paleozoic- Cenozoic volcanics; 6. Paleozoic- Cenozoic detritic formations; 7. Late Permian — Mesozoic and
Eocene Carbonate Platform deposits; 8. Late Cretaceous — Neogene Pelagic formations; 9. Unconformities; 10. Lateral facies changes.

The Negev is built of three morpho-tectonic units:

1) The northwestern tip of the Arabian-Nubian crystalline rocks,
forming steep dissected morphology;

2) High plateaus with horizontal to sub-horizontal sedimentary
rocks and;

3) A chain of folds (some morphologically inverted anticlines),
extending to the northern sub-regions of the mountainous area,
which are part of the Syrian Arc or Levantide fold belt. Picard
(1937) delineated the morphotectonic subdivision of the Middle
East (Fig. I'V.20) and based his units on the tectonic organization of
the Arabian-Nubian Massif.

The Beersheva-Arad Depression is a morpho-tectonic valley
formed by the axial plunging of the anticlinal zones of the Negev to
the north, and of the Judean Mountains to the south.

The Judean Mountains form a broad anticlinorium built mainly
of three en-echelon anticlinal structures. From south to north they
are the Hebron, Judea, and Fari’a folds. Three broad synclinal
terrains flank them: Bet Guvrin in the west, the Judean Desert in
the east, and the Nablus syncline in the north (Figure IV.1). To the
north the Judean Mountains reach into the Samarian Hills and their
Mount Carmel extension.

Jerusalem (Fig. IV.7) is located in the structural saddle between
the Hebron and Judea anticlines. The Yizre’el Valley (Fig. IV.4 and
IV.5) is essentially a prominent deep graben separating the Samaria
region in the south from the Galilee in the north. During Neogene

times a number of ingressions advanced from the Mediterranean
all through the Yizre’el Valley and into the Jordan-Dead Sea Rift
Valley.

The Galilee (Fig. IV.4) is mainly a series of east-west trending
horsts and grabens forming ridges and valleys respectively. The
highest peak in the Galilee is Mount Meron (1208 m). Northward
the Galilee plunges topographically into the lowlands of southem
Lebanon.

(3) The Arava-Dead Sea-Jordan Rift Valley

The Arava-Dead Sea-Jordan Rift (Fig. IV.1) is one of the most
striking physiographic features in the Middle East. It is a major rift
system, extending from the Red Sea to the Syrian-Turkish border.

The Rift Valley is subdivided transversely into the following
tectono-morphologic units (from south to north): The Elat (Aqaba)
Gulf (Fig. IV.18), the Arava Valley (meaning steppe or dryland)
(Figs. IV.10, IV.11, IV.15), the Dead Sea Valley (Fig. IV.15), the
Jordan Valley (Figs. IV.4, IV.6, and IV.13), the Sea of the Galilee
(Fig. IV.17), and the Hula Valley (Figs. IV.4 and IV.12). The width
of the depression varies between 10 and 20 km. Elevations rise
from about -413 m at the Dead Sea shore to +200 m near the water
divide in the Arava Valley, +64 m at the water divide towards the
Mediterranean in the Yizre’el Valley by Afula, and up to +400 m at
the northern tip of the Hula Valley (the foothills of Mount Hermon)
(Hall, 1996). The Arava-Dead Sea Rift in its present form owes
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its origin to a major tectonic phase that affected the entire region,
probably from the Late Pliocene to Early Pleistocene. Whether the
origin of the Rift can be traced back to older geotectonic processes
remains an open question. Tectonic activity along the Rift continues

y, as shown by the seismicity and distribution of epicenters
(Arieh, 1967; Shapira, 1979).

The diversity of geological formations and the interaction
of tectonic, depositional, and erosional processes have created a
considerable variety of landscapes within the Rift. Its southern part,
the Arava Valley, is composed mainly of sediments of the Neogene
continental Hazeva Formation, covered extensively by alluvial
fans and plains, often transformed into reg surfaces. Mesa and
butte-shaped hills rise above these plains displaying on their slopes
the characteristic red and white coloring of the Hazeva sediments.
The southem margins of the Dead Sea lie to the north of the Arava
Valley. Physiographically they are badlands, cut out of the glaring
white soft beds of the Lisan Formation. This formation consists of
finely laminated varve-like gypsum, anhydrite, and aragonite (white
laminae), alternating with layers of small rock fragments of quartz,
dolomite, and clay minerals (dark laminae), and interfingering
laterally with coarser clastics. More resistant beds of gypsum often
form the flat tops of mesa-like hills.

Along the Rift border and the shores of the ancient lake,
outcrops of the Lisan Formation reach elevations not exceeding
160 m below sea level. This is the highest level attained by Lake
Lisan, which once extended north up to the Sea of Galilee.

Lava flows filled part of the northern segment of the Rift,
between the Sea of Galilee and the Hula Valley, which is rich in

peat deposits.

(4) The Golan Heights

The dark volcanic Golan Heights (Figs. IV.12, IV.17, and
IV.19) lie above and east of the Sea of Galilee and the Jordan Valley.
To their north rises the Anti-Lebanon mountain range, culminating
in the often snow-capped Mount Hermon (2814 m — Fig. IV.12).
The Golan Heights are bounded on the south by the Yarmouk River
that separates them from the Jordan Highlands. These highlands
consist of the mountains of Edom, Moab, and Gilead that reach
up to +1500-1700 m. They drain towards the Rift via short deeply
incised obsequent gorges or ravines cut into the escarpment (Fig.
IV.17).

HISTORY OF GEOLOGICAL RESEARCH IN ISRAEL
The history of geological research in the Near East in general,
‘fmd the Land of Israel in particular, depended much on local and
International politics. Scientific observations were first made during
the 18" century. Paraphrasing Horowitz (2001, p. 28), whose
Chapter 2 contains a wealth of data (mostly centered on the Jordan
Valley and some of which is used herein), it was always the Dead
Sea that attracted the most attention from researchers, then as well
3s today. For example, visiting the region in 1738, the naturalist
Pococke (1754) mentioned fossil mollusks in the vicinity of the
Sea. He also took the sample of Dead-Sea water on which

Macquer, Lavoisier, and Sage (1778) conducted their analysis.
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The 19" century saw travelers swarming into Palestine, which
was then under Ottoman rule. Research activities were carried out
by Austrian, British, American, French and German investigators,
on invitation of the Turkish authorities. This period saw the
pioneering geological investigations. -

It was probably Russegger (1847) who made the first
geological observations in the region, producing a map of the
Sinaitic Peninsula and its surroundings.

In 1847, as head of a British team, Molyneux (1848) visited
the Jordan River and the Dead Sea. In 1848, the American Navy
expedition of Lieutenant Lynch (1849) visited the region with a
geologist, H. J. Anderson (1852).

It was the interest aroused by the French expeditions of
1850-1851, headed by F. de Saulcy (1854), which soon prompted
another in 1864, led by the Duc de Luynes, which brought us Louis
Lartet (1865-1877). Giving detailed accounts on the geology and
paleontology of the region, he presented the basics of a theory on
the origin of the ‘sillon’ (furrow) of the Dead Sea Rift, confirming
to a wider audience the facts which Leopold von Buch (1841) and
Hitchcock (1843) had recognized.

The British ‘Palestine Exploration Fund’, founded in 1865,
dispatched the geologist Hull (1886) who observed that the general
outlines of the region were roughly determined during the Miocene
epoch, after being submerged by an ocean for most of Mesozoic
and Tertiary times. The German Society for the Study of Palestine
was founded in 1877. Noetling contributed to the knowledge of
the Cretaceous in Syria and Palestine (1886), and of the Jurassic of
Mount Hermon (1887).

Towards the end of the 19* century the Sultan Abdul
Hamid II invited the German geologist and paleontologist Max
Blanckenhorn, resulting in the publication of nearly 80 papers,
books, and geological maps on Syria and Palestine (1889 to
1940). Blanckenhom’s contribution was immense, ranging
from the Jurassic, Cretaceous, Eocene, and marine Miocene and
Pliocene in Syria, to the Cretaceous paleontology of Palestine. Paul
Oppenheim assisted him in his 1926 and 1927 publications. The
Oppenheim collections, mainly of fossils, still represent the crown
jewels of the Geological Department of the Hebrew University in
Jerusalem.

After WWI the region fell under French (Lebanon, Syria) and
British (Palestine, Egypt) influence. This period brought British
directed companies like the Iraq Petroleum Co (IPC, Palestine) as
well as a mandatory geologist. At the same time, the implementation
of the Balfour Declaration (1917) saw the establishment on Mount
Scopus of the Hebrew University in Jerusalem.

In 1924, while still on the ship that brought him to Palestine,
Leo Picard told Arthur Ruppin that he came to find water. He kept
his promise and gave the impetus to groundwater geology. In 1932,
he started a Geological Laboratory, later to become the Hebrew
University’s Geology Department. Picard also paid much attention
to mapping, e.g. the western Nazareth Mountains.

Anecdotally, in 1935-1936 this triggered the young Heinz
Lowenstam, later to become the ‘father of biomineralization’, to
study the area east of Nazareth to see its continuation into the Dead
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Sea Rift. All his notes ended up in an American oil company, which
secretly financed his research through the courtesy of his friendly
landlord back in Munich!

In 1935-1938, Paul Solomonica became Picard’s assistant
and together they surveyed the Beersheba-Gaza district (Picard and
Solomonica, 1936).

The govemment geologist G. S. Blake dealt with mineral
resources (1930, 1937), stratigraphy, and building stones (1935).
The Survey of Palestine published geological maps at a scale of
1:250,000 (1939) and towards the end of the British mandate, when
air photographs became available, the geological map of southem
Palestine at 1:250,000. The map and explanatory notes of S. H.
Shaw (1947), also using Petroleumn Development (Palestine) Ltd.
geologists’ reports, summarizes well the geological knowledge of
that region at the time. Geology and water resources were dealt with
as well, by Ionides and Blake 1940, and Blake and Goldschmidt,
1947.

Researchers who contributed to the stratigraphic nomen-
clature and geology of the region are mentioned in Chapters 18
through 21 of Part IV.

The French geologist Louis Dubertret (1929-1976), mainly
active in Lebanon and Syria, laid the foundations for the stratigraphy
of the Galilee. In 1932 he was the first to suggest the idea of strike-
slip along the Dead Sea Rift, but later changed his mind. Revived
by Quennell (1959), with the help of Raphael Freund et al. (1970)
it became the leading theory, although it still has its opponents (see
Horowitz 1979, 2001).

The establishment of the State of Israel in 1948 brought the
era of colonial research to an end, and opened the way for the
development of modern scientific investigation. The universities
and state agencies flourished. Leo Picard founded the Geological
Survey of Israel (GSI) in 1949, and the Institute of Ground Water
of the Hebrew University in 1966. As a team Yaakov Bentor and
Akiva Vroman surveyed the Negev at a scale of 1:100,000.

Around 1950 the onset of deep drilling and geophysical
measurements marked a significant tumning point in the geological
investigations. The first director of the Geological Survey was Fritz
Brotzen, a paleontologist from Sweden. He and his wife Pnina
laid the foundations of biostratrigraphy in Israel. Zeev Reiss, also
assisted by his wife Pnina, further developed micro-paleontology.
Moshe Avnimelech (1950) put in evidence a Late Turonian
unconformity, now recognized as a major sea-level drop

In the meanwhile, Abraham Parmes, a former geography
teacher in Yiddish and Hebrew seminars on the shores of the Baltic
Sea, was a librarian at the Hebrew University. Parnes had developed
an early interest in fossils, and had heard Diener lecturing in Vienna
on his studies of the Hula Valley and southern Lebanon (1885).
Discovering his skills, Prof. Moshe Avnimelech gave Parnes fossils
to study. After earning a Ph.D. (1958) on Triassic ammonites, he
spent most of his scientific carrier, although already retired, at the
GSI. He died in 1989 while on a geological field excursion in the
Golan, at the age of 97.

At the Hebrew University Zoology Department, Georg Haas
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was active in the study of vertebrate fossils. Most important to us
are his contributions on Triassic reptiles (1959-1970).

Biographies and the bibliographies of Professors Picard and
Reiss and Dr. Pames, are given at the end of this Introduction.

If immigrant scientists had led much of the early research,
most of their pupils were ‘sabras’ bom in the country. This ‘zabar’
generation wrote M.Sc. and Ph.D. theses and research reports,
mostly in the Hebrew language, but frequently followed by
publication in international journals. Today departments of Earth
Sciences are active at the Hebrew University, Jerusalem; Tel Aviv
University; the Weizmann Institute of Science, Rehovot; the Ben
Gurion University of the Negev, Beersheva; and at both the Israel
Institute of Technology (the Haifa Technion), and the University
of Haifa.

The GSI was later joined by two sister institutes, both
government companies, within the same government ministry.
Geophysical exploration in Israel is now the task of the Lod-based
Geophysical Institute of Israel (GII), formerly the Institute for
Petroleum Research and Geophysics (IPRG), and at Tel Shikmona
in Haifa the Institute for Oceanographic and Limnological Rsearch
Ltd. (IOLR) is the national oceanographic center. In Israel applied
water exploration is now conducted by TAHAL (Water Planning
for Israel).

OTHER REFERENCE MATERIALS

Books on the geology of Israel are still scarce. Material on the
geology of Israel is to be found in the Bulletins, Reports, Technical
Reports, Maps, and periodic GSI Current Research volumes of the
Geological Survey of Israel. The Israel Journal of Earth Science,
formerly the Bulletin of the Research Council of Israel (Section G),
publishes peer-reviewed articles, usually with four issues annually.
It is now an independent publication in its 54* year, sponsored in
part by the Geological Society of Israel. The Isracl Academy of
Sciences and Humanities also occasionally publishes monographs.

Short geological overviews include Picard’s ‘Structure and
Evolution’ (1943) and ‘Geology and Oil Exploration’ (1959).
to Excursion guide introductions for international geological
congresses, like the ‘Clay Conference’ by Bentor (1966), and
the X" International Symposium of Sedimentology (Freund,
Garfunkel et al., 1978) are also useful. A short ‘Apergu de I’histoire
phanérozoique d’Israél’ (Hirsch 1990) summarizes the stratigraphy
of Israel. A number of special issues of the Israel Journal of Earth
Sciences, like the 1980 issue in honor of Prof. Bentor and the 1991
issue in honor of Prof. Picard, encompass basic review papers
summarizing much of the individual research of their authors.
So does the 2000 festive issue of ‘Current Research’ for the 50*
anniversary of the Geological Survey of Israel. Aharon Horowitz’s
books on the Quaternary of Israel (1979) and the Jordan Rift
Valley (2001) both have introductions to the general geology of
the country. Publication in 1994 of ‘Geological Structure of the
North Eastern Mediterranean (Cruise 5 of the Research Vessel
‘Akademik Nikolaj Strakhov’)’ (Krasheninnikov and Hall, Eds.,
1994) supplied the motivation for the present book.
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THE STRATIGRAPHY OF ISRAEL

A Brief Outline (Fig. IV.20)
4 7000 m thick stack of layered rocks reveals the Precambrian

and Phanerozoic cycles of deposition, cut by unconformities and
2aps.

I: PRECAMBRIAN: 600 MILLION YEARS AGO
The Oldest Land - In the South

Volcanic-Sedimentary Island Arc Phase; Metamorphic-
Kinematic Phase; Batholitic-Orogenic Phase and Final Phase of
Crustal Stabilization; Crustal Structure and Composition of the
subsurface Precambrian Basement, geophysical data, continental
composition, transition zone, and question of oceanic crust.

The stratigraphic column in the Levant starts with Precambrian
rocks in the basement. These are exposed in the Sinaitic peninsula
and the Elat Region, west of the Dead Sea-Arava Graben as well
as in Saudi-Arabia and Jordan as far north as the Dead Sea east
of the Graben. These series are strongly metamorphosed, as they
underwent a number of Precambrian orogenies. Since the end of
the Precambrian a relative tectonic quiet dominated the Levant until
the Early Senonian Alpine orogenic movements. The stratigraphic
column is further characterized by a series of unconformities that
reflect on happenings at the northemn edge of the Gondwanian
Plates, the global eustatic level changes, as well as major tectonic
events. Expressing the lithostratigraphic development of the Levant,
the stratigraphic column of Israel is subdivided into a number of
groups, each separated from the others by such unconformities.

In the southern region of Elat, the stratigraphic column starts
with the basement complex of Late Precambrian age. This large
time span (from 800-600 Ma) witnessed the opening of an ocean
and then its closure. The sediment fill of this opening ancestral
ocean basin is represented by a complex of metamorphic series
(Elat schists) and its closing by syn-orogenic granites and volcanics;
rocks that penetrated and traversed the outer crust as it was folded,
shortened, and uplified. This pan-African orogeny sealed the
landmass known as the Arabian-Nubian Craton. Its mountains
were largely abraded, a process that ended with the development
of a regional peneplain.

II: THE PALEOZOIC (540-250 Ma)

Cambrian with trilobites; Devono-Carboniferous wearing
down; most of the country is out of the water; the Permian Paleo-
Tethys

The Early Paleozoic of the Yam Suf Group (after the Hebrew
name for the Red Sea) overlies an end-Precambrian peneplain in
Fhe south. In the Elat region it consists of an Early Cambrian marine
nundation with trilobites, covered by a continental facies. The
major unconformity and hiatus separating this lower group from the
following Late Paleozoic Negev Group, is due to uplift and erosion
of the Levant i e. the Late Devonian and Late Carboniferous events
of G\i@nm and Weissbrod (1984).

_ This was followed by a long span of time out of the water,
which caused intensive and extensive wearing down (the
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Ordovician-Carboniferous hiatus).

North of the Paran-line, the Late Paleozoic in the subsurface
consists of the mixed Permian continental and marine phases of the
Negev Group. Deposits of this age are exposed along the eastern
coast of the Dead Sea. The Permian Negev Group is not exposed
west of the Graben, but is widely recognized in drillings extending
from the central Negev to central Israel and sporadically to northern
Israel. East of the Dead Sea, the Negev Group is well-exposed at
Humrat Main and Wadi Zarga Main (Jordan) (Fig. IV.20).

III: THE DISTENSIONAL MESOZOIC (230-80 Ma) (Fig.
Iv.21)

Marine belts between the Nubian land (Gondwana) and
Tethys Ocean; Triassic, Jurassic and Early-Middle Cretaceous,
ammonites and dinosaurs;

A distentional phase (230-80 Ma) of marine belts between
the Nubian land of Gondwana and the oceanic Tethys include its
Triassic opening and Jurassic to Middle Cretaceous expansion. It is
followed by the collision phase (80-50 Ma) of closure, generating
our mountainous backbone of the Syrian Arc, in the shadow of the
alpine mountain structure in Asia Minor.

North of the Paran-line, marine Early Triassic sets in. These
strata are exposed only along the eastern coast of the Dead Sea.

Marine Middle-Late Triassic (Ramon Group), fluvio-deltaic
and marine Early-Middle Jurassic, and marine Late Jurassic (Arad
Group) are partly exposed in the erosional cirques of Ramon,
Hathira, Kumub, and Arif (in the Negev), the Malih gorge (in
Samaria) and Mount Hermon (in the Anti-Lebanon).

The Triassic-Jurassic and Jurassic-Cretaceous boundaries are
both characterized by an angular unconformity, accompanied by
erosional hiatus and volcanics, truncating edgewise the subjacent
Mesozoic and Paleozoic deposits.

The unconformity separating the Negev Group from the
overlying Ramon Group was originally thought to be a hiatus of
the entire Early Triassic close to the top of the Zafir Formation. It
seems however to be restricted to the Induan stage of the Lower
Triassic, lower in the section, at the boundary of the ‘Arqov and
Yamin Formations.

An earliest Anisian hiatus, based on palynomorphs (Horowitz,
1971), may possibly correspond to the early Mesozoic reopening
of the Tethys (Marcoux, 1978).

The Ramon Group is exposed only in the erosional cirques of
Araif e Naga (Sinai), Makhtesh Ramon, and Har Arif. East of the
Graben, outcrops between Wadi Hisban and Wadi Zarqa expose
rocks that belong to the Ramon Group. The Middle Triassic (Late
Anisian and Ladinian) is characterized by the typical ‘Muschelkalk’
facies of the sephardic province (Hirsch, 1972). Early Late Triassic
deposits consist of evaporites of the Carnian Tethyan salinity crisis.
The Ramon Group, drilled in the Galilee and in the Coastal Plain,
also includes Late Triassic (Norian- Rhaethian) platform type
sediments.

The major unconformity separating the Triassic Ramon
Group from the Jurassic Arad Group may be related to the early
Cimmerian phase. It is characterized by a Hettangian-Sinemurian
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ersion and lateritization process of regional extent.
em The. Arad Groupincludesthe Jurassic stages from Pliensbachian
1o Kimmeridgian. It is exposed in northern Sinai at Gebel Maghara

d Gebel Minshera (Egypt), in the Negev at Makhtesh Ramon,
ﬁakhtesh Hagadol, and Makhtesh Haqatan, and at Wadi Malih
in Samaria. It exists east of the Rift as well, building up Mount
Hermon, and exposed in the Wadi Yabbok (Nahr Zarqa) vicinity
(Jordan). The Jurassic rocks are also well-known from more than
200 deep drillings all over Israel (Picard and Hirsch, 1987).

The Late Jurassic-Early Cretaceous denudation process,
related to the late Cimmerian phase, truncated the underlying
Mesozoic and Paleozoic Arad, Ramon, and Negev Groups in the
form of a prograding unconformity plane from NW to SE. The
Early Cretaceous Kumub Group overlies Cambrian rocks in
southern Israel and Precambrian metamorphics in Sinai.

The Cretaceous rocks, that cover an appreciable extent of the
territory of Israel and adjacent regions, are subdivided into tectono-
environmental groups.

Starting with volcanics ranging from Berriasian to Hauterivian,
and clastics ranging from Aptian to Cenomanian in age, the rocks
of the Kumub Group account for a part of the so-called Nubian
Sandstone. This sequence represents the top-sequence of Ball
and Ball’s (1950) Paleozoic-Early Cretaceous ‘Lower Clastic
Division’.

Onlapping Barremo-Aptian to early Albian and late Albian to
early Coniacian platform carbonates built up the Galilee Group and
the Judea Group respectively, representing Ball and Ball’s Lower
Carbonatic Division.

Inthe Coastal Plain Tithonian-Aptian marine deposits represent
the Gevar’ Am Group, followed by the pelagic Albian Talme Yafe
Group. The boundaries between these groups are laterally defined
by relatively gradual facies links. They are topped by the Coniacian
unconformity of regional extent and related with the early ‘mise en
place’ of thrust-sheets in the alpine Tauro-Zagrid range, expressed
here by the embryonic folding of the Syrian Arc.

HI(1): TRIASSIC

Permian-Triassic gap at base; Lower Triassic of paleotethyan
alpine heritage; Sephardic identity of the Middle Triassic; Shallow
Neo-Tethyan Late Triassic.
) The marine Lower Triassic of the Mediterranean region
inherited the Upper Permian Paleotethyan paleogeography. It
is developed in the ‘Werfen’ type facies that extended without
any marked differentiation from its Eurasian to its Gondwanian
margins. This facies can be studied along the Dead Sea shore in
Jordan, not far from Humrat Main. With the late Lower Triassic
Initiation of the Mesozoic Neotethys, in the form of a discrete
Seaway of Hallstatt-type facies in the Aegean region, a Middle

&
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Triassic rifting and narrow pelagic sea-ways reached as far as the
Tyrhenian region, leaving the southern Tethyan ‘Sephardic’ margin
an epicontinental shelf of Muschelkalk facies extending from the
Levant to the western Mediterranean areas of Spain, Apulia, and the
Sardo-Provencal regions. This facies can be seen in the outcrops of
Har Arif and Makhtesh Ramon.

During the early Upper Triassic, increased shallowing of both
sephardic and tethyan realms facilitated, in the first stage, the extent
of sephardic faunal elements, followed in the second stage by the
Carnian salinity crisis, which put an end to the sephardic realm.
The gypsum quarried at Makhtesh Ramon is a product of this
stage. The Upper Carnian restoration of normal marine conditions
(at the very top of the Triassic outcrop in Makhtesh Ramon) is of
alpino-type nature. The Norian Hauptdolomite-Dachstein type
of platform with appropriate faunas is only found in the Coastal
Plain subsurface (Ga’ash borehole), and in the cirque of Aame
(Hermon).

The Middle Triassic transgression started in the Levant in the
Early Upper Anisian (Pelsonian) as a result of spreading of the Neo-
Tethys. The slight hypersalinity of the huge shallow epicontinental
water body of the southern Tethys generated the conditions for the
development of the endemic taxa that characterize the sephardic
realm.

Tornquist and Fallot (in Gignoux, 1960) considered the Middle
Triassic of the western Mediterranean as the equivalent of that in
the Germanic Basin, with which it was believed to communicate
through the hypothetical gate of Burgundy. It was admitted
that alpine faunas migrated into this basin, mixing with typical
germanotype faunas of Muschelkalk facies type, following the
discovery of entirely different invertebrate faunas in the Germanic
and Mediterranean Basins. Identical ammonoids, conodonts and
bivalves are not only found in Spain and Israel, but also in North
Africa and Turkey (Lerman, 1960; Pames, 1962; Hirsch, 1972).
The realm extended as far north as the northern edge of the Apulian
Plate, around which the growing Neo-tethys reached into the
Toscanian Rift. Therefore the western Mediterranean Muschelkalk
and their North African, Apulian, and Levantine equivalents were
part of one and the same marine shelf, for which the name sephardic
was adopted (Hirsch, 1972). In Israel (Ramon, Arif), Egypt (Arif
E Naga), Jordan (Hisban), southern Turkey (Tarasci-Seydisehir),
and Slovenia, sephardic faunal elements occur: i.e. the ammonoids
Israelites, Gevanites and Iberites and the conodonts Sephardiella
and Pseudofurnishius.

The Late Triassic starts with the dramatic salinity crisis of
the Early Camian, affecting the entire Mediterranean region
with gypsum and salt deposition (the Saharan event). The Late
Carnian transgression restored marine conditions in the eastern
Mediterranean region with the development of the Hauptdolomite

Figure IV.21. Mesozoic of Israel - General Stratigraphic Scheme (modified from Hirsch, 1984).
Legend: 1. Gypsum and anhydrite; 2. Sandstone; 3. Limestone and dolomite; 4. Marl and shale; 5. Chalk; 6. Hiatus; 7. Chert; 8. Intrusive, basement

and eruptives,
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facies, passing to the western Tethys margins to the Keuper Facies.
Reefs (Dachstein) separated this shelf-lagoon area of the Tethys
from the pelagic Hallstatt facies to the north. This ‘alpinotype’
regime lasted to the end-Triassic Early Cymmerian phase of
emersion, denudation, and lateritization that terminated the Triassic
proto-oceanic stage of the Mesozoic Neotethys.

In sequential terms four major ingression-regression cycles
characterize the Olenckian, Late Anisian, Ladinian to Early
Camian, and Late Carnian-Rhaetian. Regional emergence and
laterization terminated the Triassic sedimentary sequence.

The first cycle, including the Yamin and Zafir Formations
(defined in boreholes in southern Israel) consists of shallow marine
carbonates and sand bodies, near-shore and lagoonal mudstones
and sandstones as well as possible deltaic complexes. The second
sedimentary cycle, including the Ra’af and Gevanim Formations
(defined in the Negev outcrops of Arif and Ramon) consists of
shallow marine carbonates (Ra’af Formation), fluvial, fluvio-
deltaic, and tidal nearshore sandstones, siltstones, and mudstones
(Gevanim Formation.). The third cycle is the most extensive both
in time and areal extent, and includes the Saharonim and Mohilla
Formations (defined at Ramon). The sedimentary sequence of
these cycles consists of shallow marine carbonates, tidal flat and
lagoonal carbonates, and evaporites. The fourth cycle of shallow
marine carbonates (Uppermost Mohilla-Shefayim Formation) is
truncated by a regional emergence of low relief that has exposed
the entire Triassic terrain to karst solution and laterization.

These marginal deposits gradually change southward, as more
landward conditions of continental clastic deposits, known from
the Sinai and Arabia, prevail. Northward (seawards) the marginal
sequences interfinger with shallow marine carbonate and lagoonal
and tidal flat evaporite sequence platform deposits (Druckman and
Kashai, 1981).

III(2): JURASSIC

Early Jurassic tropical soils (laterites), rivers and carbonatic
platforms; Middle Jurassic sea-level oscillations: Bajocian rise,
Bathonian coals, and Callovian coral sea; Upper Jurassic anoxic
deep water shales and spiculites (Lower-Middle Oxfordian) and
shallow sea urchin limestone, oolites and marls (Upper Oxfordian-
Kimmeridgian).

The Triassic-Jurassic boundary in the Levant is a distinct
sedimentary break manifested by lateritic paleosols (Mishhor) and
volcanics in the north (Asher Volcanics).

The central Negev Makhtesh Ramon, carved out in a NE-SW
orientated asymmetric anticline, reveals Liassic-Early Bathonian
strata. Molluscs including ammonoidea are described by Pames
(1981) in his monograph of the Liassic-Dogger Ardon-Inmar-
Mahmal Formations. The fossil flora of the Inmar Formation was
studied by Lorch (1967).

A marine platform carbonatic regime began with the
?Pliensbachian-Toarcian (Ardon) and continued in the Toarcian
(Qeren). It was interrupted by Toarcian-Aalenian clastics in the
Negev, adjacent Sinai, and along a belt crossing central Israel
(Inmar-Rosh Pinna). In northern Israel, Lebanon, and the northern
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Anti-Lebanon, overlying basalts and tuffs of the Asher Volcanics
and monotonous platform-carbonates represent most of the
Jurassic sequence. This consists of the Liassic-Oxfordian sequence
of the Haifa (=Kesroaune) Formation, west of the Rift, and of the
Liassic-Callovian sequence of the Aarne, Beqassem, and Hermon
Formations east of the Rift.

The Bajocian lithofacies varies from mixed clastic-carbonatic
in the Negev Daya Formation. to largely marly in the Sinai Bir
Maghara Formation, and to exclusively platform-carbonates in
the Galilee. The Bajocian-Oxfordian Haifa Formation is a mono-
tonous sequence of carbonates, that in the Coastal Plain becomes
interwedged by Bajocian-Bathonian oolitic shoals (Sederot) and
spiculitic limestones (Barnea).

The paralic clastics that dominate the Early Bathonian in
the Sinai and the Negev (Safa-Sherif) are replaced by Middle-
Late Bathonian micrites and marls (Sherif) while a shale-belt
that straddles the Bathonian-Callovian boundary extends along
the Coastal Plain and penetrates gastward into the Judean Desert
(Karmon Formation).

The Early Callovian in the Coastal Plain consists of calcarenites
(Brur), unconformably covered by the Oxfordian Kidod shales.
The limestones and marls of the Zohar Formation extend from the
Negev to Sinai, passing into the massive limestones of the Haifa
Formation in the north. A thin condensed ammonite-rich hard-
ground limestone tops the Callovian at Gebel Maghara (Sinai)
and Majdal Shams (Hermon). From Hamakhtesh Hagadol in the
northern Negev to the borehole of Gebel Hillal (Sinai) thick Late
Callovian limestones and marls build up the Matmor Formation.

The northern Negev Hamakhtesh Hagadol (Kurnub Anticline)
reveals about 200 m of Callovian-Oxfordian beds. Hudson’s
(1958) ammonoids (identified by Spath), molluscs (determined by
Cox), and brachiopods (determination by Muir-Wood) led to his
Middle Callovian-Sequanian subdivisions, now complemented by
the paleontological contributions of Reiner (1968), Gill and Tintant
(1975), Hirsch (1979), and Lewy (1983).

The Early Oxfordian consists of limestones in the Haifa facies
in the Galilee. A shale basin extends from northemn Sinai, through
central Israel to Mount Hermon, known as the Majdal Shams
Formation. (=Kidod). These interfinger in the Coastal Plain area
with bioherms and reefs of the Nir’ Am Formation. In the northern
Negev Qeren-Halutza area, the Lower Oxfordian is absent.

Late Oxfordian-Kimmeridgian limestones, oolites, shales and
sands, and algal limestones extend from the Galilee and the Anti-
Lebanon (Nahal Sa’ar Formation) to the northwest Negev Qeren-
Haluza area.

The Wadi el Malih (eastern Samaria Wadi Faria anticline)
exposes some 200 m of Late Jurassic.

From Mount Hermon’s southeast flank (Ameh) to its southem
plunge at Majdal Shams Jurassic formations are well-exposed.
Razvalyaev’s survey (1966) has put Haas’s (1955) ammonoids in
stratigraphic sequence, while recently Mouty (2000) has cleared
the stratigraphy within the cirque of Aarneh, putting into evidence
the presence of the Asher volcanics, covering Late Triassic strata.

The period straddling the Jurassic-Cretaceous boundary
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jthonian-Neocomian) in the Levant and eastern Medi?ermnean
is characterized by intensive uplift, riﬁing at}d volmsm. The
regional uplift put an end to Jurassic marine sedimentation,
except for the Tithonian turbidites filling submarine canyons.
The Tithonian-Hauterivian Tayasir- volcanics cover the Jurassic
truncation surface (Fig. IV.21). The Jurassic paleogeographic
pattern of the Negev High, the Judean Embayment and the Galilee
High was replaced (Hirschetal., 1995), by the pattern of the Pleshet
Paleobasin (Cohen et al., 1988), divided into Western Platform and
Eastern Platform provinces, followed by large-scale transgression.
The development of the Pleshet Paleobasin was initiated by the
opening of the north-south oriented Gevar’ Am Trough, straddling
the present Levant-shores (Fig.1). During this time interval
(Tithonian-Barremian) the clastic deposition in the Gevar’Am
Trough suggests sources from land-masses in the south-east as
well as from a western basement high, ~50 km offshore from the
present coastline. The eastemn border of the Trough consists of a
belt of reefoid upbuildings initiated in the Jurassic (Callovian-
Oxfordian), recurring in the Lower Cretaceous (Aptian and Albian)
times. Eastward of this belt, wide carbonatic shelf-lagoons were
formed (Bein, 1976; Bein and Weiler, 1976; Sass and Bein, 1982;
Rosenfeld and Raab, 1984).

During the Jurassic, the Levant was part of the Gondwanian
Tethys shelf-platform. The paleotectonic setting of the Levant
consisted in relative lows and highs, controlled by differential rates
of subsidence.

Prior to the Infracretaceous truncation the paleotectonic setting
of the Jurassic deposits in Israel and adjacent Sinai consisted of:

a) The Negev High, separating

b) The northern Sinai Maghara Basin from

c) The central Israel-Hermon Trough.

d) The platform of the Galilee, Lebanon, and the northern Anti-
Lebanon.

The shallow Negev High accumulated 900-2000 m of Jurassic
sediments, while in the Maghara Basin and the central Israel-
Hermon Judea Embayment a 3000 m thick sequnce is found. The
rather shallow northern platform of the Galilee accumulated an
up to 2000 m thick sequence, thinning to the north in Lebanon
and coastal Syria. The clastics of the Liassic-Bathonian part of
the sequence are connected with the wearing down of the Arabian
Massif in the south and southeast. Yet thickening of the Early
Oxfordian shales in the offshore wells points to derivation from
some landmass in the west, now hidden below the Mediterranean.
(Hirsch et al., 1995). '

The Gevar’Am Trough, alongside the present Levant-coast,
formed during the Tithonian, initiating a separation between an
Eastern Levant platform extending toward the Arabian-Nubian
Massif and a westen shallow marine platform and adjacent
!andmass. Volcanics witness a number of aborted Mesozoic
Intracratonic rifts at the beginning and end of the Jurassic. The Late
Triassic-Liassic Asher basalts reach a thickness of 2000 m in the
Wwestern part of a trough that crossed the Galilee at right angles to
the present coast. The Kimmeridgian-Hauterivian Tayasir basalts,
Up to 500 m thick, extend from Samaria to the Galilee, Lebanon,
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and the Golan Heights. (Fig. IV.1)

II(3): LOWER-MIDDLE CRETACEOUS

Infracretaceous uplift, denudation and volcanism; The
continental Kurnub sandstone; The submarine Gevar’ Am canyon
deep under the Coastal Plain; The deep sea Talme Yafe calcilutites
Jfrom Sinai to Mount Carmel and deep under the Coastal Plain;
The shallow marine Galilee gastropod calcarenite, limestone-cliff,
Orbitolina-shale, iron-oolite and Knemiceras marl; The Judea
dolomite, limestone and sand; The Mount Scopus syn-orogenic
chalks and chert.

The Cretaceous period commenced withrifting, divergence and
volcanism over the Levant countries and the eastern Mediterranean.
It witnessed a large-scale transgression and sea level rise, known
all over the world (Vail et al., 1977), and terminated with alpidic
convergence and folding processes (Syrian Arc).

The Early Cretaceous consists primarily of continental clastics
and volcanics (Kumub Group), passing laterally into Tithonian-
Barremian marine shales in the Coastal Plain (Gevar’ Am Group).
Aptian-Albian (Galilee Group) and Cenomanian and Turonian-
Early Coniacian platform-carbonates (Judea Group) extend
progressively from Lebanon and the Galilee to the Elat region and
the Sinai Peninsula, passing laterally into the basinal facies of the
Coastal Plain (Talme Yafe Group).

The Cretaceous period in Israel and the adjacent areas of the
Levant is distinctive by the wide carbonate platform that extended
to the west and the Arabian-Nubian Massif in the east (ESE). A
graben-like basin extends to the west of the present Coastal Plain,
bordered by a belt of reefoid upbuildings initiated during Jurassic
times (Fig. IV.21) (Bein, 1976; Bein and Weiler, 1976; Sass and
Bein, 1982).

The northem edge of the platform, situated in Turkey was
emerged during a time span extending from Albian through
Turonian (Monod, 1977).

Similar interruptions in the sedimentation (marked by bauxites)
are also known fron Saudi Arabia (Harris et al., 1987), leaving the
Levantine platform open only to the west.

The Cretaceous platform sediments consist of up to 1500 m of
thick carbonates, sandstones and shales. Planktonic and benthonic
foraminifera, ostracodes and calcareous nannoplankton as well as
ammonites, bivalves and gastropodes allow a fair biostratigraphy.
Among bivalves, the occurrence of colonial and isolated rudists as
well as oysters is particularly abundant.

The Cretaceous System in the Levant is divided horizontally
into three facies-belts: Terrigenous to the southeast, shallow marine
in most of northern Sinai, Israel and Lebanon, and pelagic in the
Coastal Plain and the nearest offshore (Pleshet Basin). Vertically
three sedimentary megacycles are identified:

1) ?Tithonian-Aptian;
2) Albian-Early Coniacian;
3) Senonian.

The latter is mainly a uniform, plankton-rich marly chalk
passing to the southeast to chert and phosphorite.

The begining of the first megacycle (Berriasian- Hauterivian)
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is marked by a tectonic volcanic and erosional phase. Most of
the Levant (namely, the Sinai, Trans-Jordan, Israel, Syria, and
Lebanon) emerged and a considerable thickness of eolian-fluviatile
sands, silts, and shales (the Nubian Sandstone of the Kumub Group)
accumulated on the platform. Westwards, the over 1 km thick
sequence of monotonous detrital black shales of the Gevar’Am
Group was deposited, filling up the deeply incised erosional relief
(Cohen, 1971, 1976).

The differentiation of a carbonatic shelf-platform characterizes
Barremian and Aptian times. The first megacycle ends with the
Late Aptian-Early Albian regression (Yavne event).

During the second megacycle a belt of rudistid barrier
reefs provides much of the calcilutite-calcisiltite detritus to the
sedimentary prism-shaped contourites of the Talme Yafe Group
(Bein and Weiler, 1976). Simultaneously, the platform accumulated
shallow marine limestones and dolomites of the Judea Group (Sass
and Bein, 1982).

The evidence for the Infra-Cretaceous tectonic phase,
enhanced by a rather extensive global sealevel drop, consists
of angular unconformities between Nubian Sandstone units in
Sinai (Weissbrod, 1969b), erosional disconformity in the Hazera
cirque (Gill, 1965), extensive occurrences of conglomerates and
laterites in the Negev, Trans-Jordan and the Sinai (Goldberg and
Friedman, 1974; Wetzel and Morton, 1959), the development of
extensive sabkhaic evaporites in the eastern Arabian Peninsula
(Murris, 1980) and the incision of the Gevar’Am Canyon in the
continental shelf of Israel (Fig. 5; Cohen, 1976). The relative depth
of this channel with respect to its shoulders, about 930 m exceeds
the eustatic sea level drop very significantly (¢f. Vail et al., 1977).
Such a denudation necessitates, therefore, a considerable uplift in
addition to the drop in sea level.

Distensional diastrophism is further evidenced by the
extensive occurrence of basic-alkaline volcanism in northern Israel
and in Lebanon (Lower Kimmeridgian to Hauterivian; Dubertret,
1954; Renouard, 1955; Mimran, 1972; Mimran et al., 1984, 1989;
Bonen, 1980), by fault-induced thickness variations of basic flows
and pyroclastics in Samaria, and of Kimmeridgian carbonates in
the Haifa Bay-Carmel area (Derin, 1974). Both the southward
increasing depth of truncation in Israel and in Trans-Jordan (Bender,
1974; Bandel, 1981; Druckman, 1982), and the decreasing age of
the lowermost onlapping units in the same direction (Freund et
al., 1975), suggest that the uplift was asymmetrical, with a hinge
located somewhere in Saudi Arabia.

The transgressive-regressive Cretaceous record in Israel is in
good agreement with global eustatic trends. The early Neocomian
eustatic low is represented by the development of Wealden facies
in Israel, Trans-Jordan and Lebanon (Aharoni, 1964; Bender,
1974; Beydoun, 1977). The extensive Aptian transgression is well-
recorded by an extensive blanket of carbonates almost entirely
replacing terrigenous deposits in the Coastal Plain of Israel.

The eustatic low at the Aptian-Albian boundary is represented
in Israel both on the shelf-platform and in the basin. In the former,
there is a prominent phase of arenaceous and shaly intercalations
between carbonate units in the Mount Hermon area, Samaria,
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Judea and the Coastal Plain - the ‘Main Shale Break’ (Bein, 1974),
while west of the hinge-line, thick pelitic sequences of semi-pelagic
facies (the Gevaram and Talme-Yafe Formations) are separated by
an unconformity (Bein and Gvirtzman, 1977).

A similar regressive phase is also reported from Saudi Arabia,
where a clastic blanket covers the whole platform (Murris, 1980).

A poorly documented Albian distensional phase is inferred
from some recently dated hypabyssal intrusions of peralkaline
basalt and syenite in the Timna and Ramon areas (107 Ma; Starinsky
et al., 1980; Beyth and Segev, 1983), northern Lebanon (Terbol-1
well; Beydoun, 1977) and in the southern Ansariyeh Mountains of
Syria (Dubertret, 1937, in Wolfart, 1967).

The Albian to Early Coniacian stratigraphic record of the
platform carbonates in Israel matches fairly well the details of the
eustatic global sea level curve of the corresponding time interval
(Haq et al., 1987). The five sedimentation sub-cycles of the Albian
to Turonian (Bein and Gvirtzman, 1977, with chronostratigraphy
after Lewy and Raab, 1976) involve alternating phases of
shallowing and deepening. '

In the Levant and eastern Mediterranean the period straddling
the Jurassic-Cretaceous boundary (Tithonian-Neocomian) is
characterized by intensive uplift, rifting and volcanism. The
Jurassic paleogeographic pattern of the Negev High, the Judean
Embayment, and the Galilee High was replaced (Hirsch et al.,
1995) by the pattern of the Pleshet Paleobasin (Cohen et al., 1988),
divided into Western Platform and Eastern Platform provinces,
and followed by large-scale transgression. The development of the
Pleshet Paleobasin was initiated by the opening of the north-south
oriented Gevar’Am Trough, straddling the present Levant-shores
(Fig. IV.23). During this Tithonian-Barremian time interval the
clastic deposition in the Gevar’ Am Trough suggests sources from
land-masses in the south-east as well as from a western basement
high, ~50 km offshore from the present coast. The eastern border of
the Trough consists of a belt of reefoid upbuildings initiated in the
Jurassic (Callovian-Oxfordian), and recurring in Lower Cretaceous
(Aptian and Albian) times. Eastward of this belt, wide carbonatic
shelf-lagoons were formed (Bein, 1976; Bein and Weiler, 1976;
Sass and Bein, 1982; Rosenfeld and Raab, 1984).

The southern edge of the Gevar’ Am Trough is found in the
exposures of Risan Aneize (Talme Yafe Formation, Sinai, Egypt).

The northern edge of the Gevar’ Am Trough may reach as far as
the Pisidian Taurus autochtonous Akkuyu Basin (Hirsch, 1984), an
area of similar sedimentation, including the large sedimentary gaps
due to emersion in Albian-Turonian times (Monod, 1977). Such
interruptions in sedimentation, witnessed by bauxites, occur in the
eastern Mediterranean offshore drillings (Hirsch et al., 1995).

The Gevar’ Am Trough is thus genetically related to the origin
of the Pleshet Paleobasin, a concept which encompasses the entire
area of sagging or subsidence along and off the present Levant coast
line. The narrow trough zone in the middle, and approximately
located under the present Levant coastline, is bound by en echelon
downfaulted edges (hinges), by both the Arabian-Nubian Massif
(Eastern Province) and the Western Province of continental platform
type situated offshore the present Mediterranean Sea (Rosenfeld
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Raab, 1981; Hirsch et al., 1995; Rosenfeld et al., 1995).

The thickness distribution of the Lower Cretaceous deposits
varies from about 300 m in the northern Negev (Eastern Platform,
vicinity of Nubian Craton) to more than 3,000 m under the Coastal
Plain (Gevar’ Am Trough). )

The Lower Cretaceous tectono-environmental pattern of the
Levant is dominated by SW-NE isopes. In a NW-SE cross-section
from the Mediterranean offshore toward the Arabian-Nubian
Massif four facies-belts can be distinguished:

1) Western Province platform facies (offshore, the Bravo-1

porehole on its margin);

2) Gevar’Am pelagic basin facies (Coastal Plain boreholes e.g.
Shimon-1);

3) Eastern Province platform facies, clastic influx from the
Arabian-Nubian Massif (Gebel Lugama, Helez, Judea);

4) Arabian-Nubian mixed marine platform and fluviatile/
continental facies (the Galilee, Golan, and the Negev).

The Cretaceous comprises the Gevar’Am, Kurnub, Galilee,

Talme Yaffe, Judea, and Mount Scopus Groups.

and

111(4): MESOZOIC-PALEOGENE (Fig. IV.21):
Senonian-Eocene phase of collision and uplift
Our mountainous backbone - the Syrian Arc - in the shadow of

the Alpine orogeny

The Alpine orogeny was echoed by the Levantid inversion
of Early Mesozoic faults, producing the asymmetrical folds of the
S-shaped Syrian Arc. This Arc extends from northern Sinai to the
Negev, the southern coastal Plain of Israel, Judea and the Galilee,
shaping a paleogeography of basins and islands that controlled
the Senonian, Paleocene and Eocene (Mount Scopus and Avedat
Groups) carbonatic and silicious sediments. The third Cretaceous
sedimentary megacycle (Senonian) is characterized by open
sea conditions with both thickness and facies of chalks, marls,
phosphorites and chert being controlled by the incipient folding of
the Syrian Arc (Flexer, 1968, 1971; Flexer and Honigstein, 1984).

The Senonian starts with a remarkable high-stand, which
established an environmental pattern entirely different from that of
the preceding Cenomanian-Turonian and changed the platform into
aramp (Sass and Bein, 1982). A radical change in the sedimentary
regime marks the beginning of the Senonian. The paleo-topography
of anticlines and synclines of the Syrian Arc controls facies and
thickness of the predominantly chalky Coniacian, Santonian, and
Campanian Menuha Formation. The deposition of the thick cherts,
porcelanite, chalk, marls, and phosphorites of the Campanian
Mishash Formation in the basinal synclinal channels contrasts
with the thinning toward the anticlinal ridges that formed strings
of islands. Continuous tectonic movements constantly renewed
tl?e paleogeographical pattern during the deposition of chalks and
bituminous shales of the Maastrichtian Ghareb Formation. The
chert ratio increases in the southem Negev (the Sayarim Facies),
and decreases toward the Galilee and the Coastal Plain (Ein Zeitim).
The Senonian carbonatic and silicious sedimentation of the Mount
Scopus Group occurs in two different facies, thick synclinal versus
reduced anticlinal deposits.
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The pelagic chalk deposition persisted over the previous
platform and basin areas (the Mount Scopus and Hashefela Groups
respectively).

Thenewregime of Senonian-Eocene syntectonic sedimentation
in the typically asymmetric Levantid folds of the Negev and Judea
is composed of two groups: ’

1) Chalks with pelagic faunas and cherts, phosphorites and
bituminous marls that characterize the Senonian-Paleocene Mount
Scopus Group;

2) Marls, limestones and chalks of the Eocene Avedat Group.

The Senonian is often separated from the Paleocene by
an unconformity, accompanied by iron crust and paleosol. The
Cretaceous and Eocene share the largest surface extent in the
Levant.

The C/T boundary is well-documented in the basinal facies.
High iridium concentration at the base of the G. eugubina Zone and
trace elements and microspherules occur between the A. mayorensis
and M. pseudobulloides zones (Rosenfeld et al., 1989). Elsewhere
the upper strata of the Maastrichtian are missing and the Paleocene-
Early Eocene Taqiye shales onlap a paleorelief with paleosoil.

IV: CENOZOIC

Deposition of syn-orogenic Paleocene Tagive shales and
Eocene Avedat limestones and chalks; After the deposition of
Oligocene Lakhish chalks and Sussita limestone, most of Israel is
out of the water again; wearing down of the land to the Neogene
sea in the west; our home-plate breaks up as it slips under the
Cypryan Arc, Arabia slipping faster northward under the Eastern
Taurid ophiolite belt; uplifting Mount Hermon; The Rift gapes
apart, making space for Mio-Pliocene salt-deposits (Sedom) and a
Pleistocene string-shaped lake (Lisan),; The process is accompanied
by basalts, tuffs and scoria.

The Holocene witesses the making of the desert and the
shrinking of the waters of the Rift to the Sea of Galilee and the
Dead Sea.

The Paleocene-lowermost Eocene Tagiye Formation or
Taqiye marls (= Esna shale in Egypt) are by definition a part of the
Mount Scopus Group. Their inclusion in the Avedat Group would
be justified due to the typical C/T boundary features and by local
erosional events (Hirsch, 1990).

The Avedat Group encompasses siliciferous limestones and
chalks that, like the Mount Scopus Group, may directly onlap the
Levantid anticlines. The facies of the Avedat Group varies strongly.
It comprises the five litho-stratigraphic and tectono-environmental
subdivisions I-V (modified afier Hatzor et al., 1994). Regional
facies variations within the Avedat Group are expressed by
numerous formations.

Lower Eocene: (I) Chalks with thin bands or nodules of chert
(Zora Formation of the Shefela, Mor Formation of the Negev
and Adulam Formation of the Galilee, Shefela, and the Jordan
Valley); (I) Nummulitic limestone with chalk bands, chalky
limestones, and chalks (Zora/Adulam Formation of central Israel,
Nizzana Formation of the Negev and the Jordan Valley, the Meroz
Formation of Mount Gilboa);
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Lower-Middle Eocene: (III) Chalks and limestones with
changing amounts of chert bands or nodules (Maresha Formations
of northern and central Israel, Horsha and Paran Formations of
the Negev, Masua and Sartaba Formations of the Jordan Valley,
Yizreel Formation of Mount Gilboa);

Middle Eocene: (IV) Limestones and chalks (Matred
Formation of the Negev, Bar Kochba Formation of Mount Gilboa,
the Argaman Formation of the Jordan Valley);

Upper Eocene: (V) Chalks and limestones, (Bet Guvrin
Formation in the Coastal Plain subsurface, Nahal Yeter, the Qeziot
and Har Aqrav Formations of the Negev).

The inclusion of these Upper Eocene strata, originally part of
the overlying Saqiye Group, into the Avedat Group was proposed
by Cohen et al. (1987).

IV(1): OLIGOCENE-MIOCENE

Out of the water again, wearing down of the land to the sea in
the west; our Afvican homeplate breaks-up and Arabia slips north

At the end of the Avedat and lower Saqiye Group times most
of the surface of Israel emerged from the sea.

In the Coastal Plain (Shefela) a regime of channel and canyon
sedimentation contrasts with wide continental regimes of internal
basins with lakes and fluviatile deposits. This regime, recognized
within the Saqiye Group, culminated during the Miocene which
ended with the Messinian events. The post-Eocene uncomformity
separates the Avedat Group from the lower part of the Saqiye
Group, which encompasses marine sediments of Oligocene age.

The Late Eocene-Oligocene sediments were widely destroyed
by the regional uplift that ended the present phase, leaving only a
few marine outcrops in the northern Negev, the Coastal Plain and
Golan Heights.

The Paleogene part of the Saqgiye Group consists of the Lower
Oligocene ingressions of the Lakhish Formation in northern and
central Israel, and of the Fiq and Sussita Formations east of the
Sea of Galilee. After the mid-Oligocene unconformity, marine
sedimentation resumed as the upper part of the Sagiye Group of
Miocene age. To the east, during this span of time, the continental
deposits of the Tiberias Group, consisting of the allochthonous
drainage products from the mountains of the huge plateaus further
to the south-east, and of autochtonous lake deposits, embraced the
morphology generated by the mid-Oligocene regression.

Restricted to the strip of the Coastal Plain and Shefela, the
marine deposition of the Saqiye Group was only scarcely exposed
in the Coastal Plain rise (Beersheva), ingressing eastward the
fluviatile deposits of the Tiberias Group.

Since the latest Oligocene-Early Miocene, a sinistral
strike-slip along the Jordan-Gulf of Aqaba line took place. The
Neogene-Quaternary sinistral wrench movement of over 100 km
displacement, first put in evidence by Lartet (1869), was the result
of the opening of the Red Sea, which created a chain of rhombs.
East of this line, forming the limit between the African and Arabian
Plates, crustal shortening generated the folding and thrusting of the
Palmyrids. This regime ends with the opening of the Rift, leading
to the final severance of the African and Arabian Plates.
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The Saqiye Group encompasses all the Oligocene-Neogene
marine sediments. The Paleogene part of the Sagiye Group
consist of the marine Oligocene part of the Bet Guvrin Formation
and Lakhish Formation in the Shefela and of the Fiq and Sussita
Formations east of the Sea of Galilee.

The Oligocene regression resulted in regional emergence and

- erosion. Marine Neogene (Sagiye Group) in the Coastal Plain of

Israel interfingered with continental deposits in the east. Since the
Miocene, a sinistral strike-slip along the Jordan-Gulf of Agaba line
opened a chain of rhomb-shaped grabens. Neotectonic isostatic
readjustments produced the sinking of the eastern Mediterranean
Basin and the differential uplift of portions of the African,
Levantine, and Arabian sub-plates, generating a new orography
e.g. the Yizre’el Graben and the Jordan-Dead Sea-Arava Rift,
accompanied by basalts that extended from the Golan Heights
to the eastern Galilee, filling large parts of the Rift. A marine
ingression in the Yizre’el Valley also reached the Rift, leaving thick
evaporites. .

The Lower-Middle Miocene part of the Sagiye Group consists
of the marine deposits of the Zigim and Ziglag Formations and
interfinger in the Beersheva and Yizre’el Embayments with the
continental deposits of the Tiberias Group, prior to the opening of
the Dead Sea Rift.

The Upper Miocene part of the Saqgiye Group consists of the
Patish, Mavqiim, and Afiq Formations. These formations are mostly
buried under the Coastal Plain and in the Beersheva Embayment.
They are partly exposed in the foothills along the Shefela.

The Pliocene strata of the Saqiye Group consist of the marine
Yaffo Formation.

The Tiberias Group (Kefar Gilad Group of Flexer et al., 1981)
encompasses the ?Late Oligocene-Early Miocene continental
sedimentation in the Negev and the Jordan-Dead Sea-Arava
depression. It is mainly of fluviatile and lacustrine nature. It
encompasses the Hazeva, Ein Gev and Hordos Formations. A
marine ingression into the Beersheva Embayment reached as far
east as Yeroham and Dimona, where ‘end of gulf” oysters encrusted
along the sandy Hazeva shore.

IV(2): MIO-PLIOCENE TO PLEISTOCENE

The Rift gapes apart, generating a new hydrographic pattern;
Salt deposits and a fresh water string-shaped lake.

After the Late Miocene, the opening of the Rift was
accompanied by the deposition of the sediments of the Dead Sea
Group, and the Pleshet Group in the Shefela (or Coastal Plain).
The continental deposition of the Dead Sea Group in the intra-
cratonic basin was compartmentalized as the rifting collapsed the
string of rhomb-shaped grabens that formed along the Jordan-
Dead Sea-Arava line. Uplift and erosion of most of the territory of
Israel created a new water-shed, to the west of which extended the
marine deposition of the Kurkar Group. The neo-tectonic activity
was accompanied by the basalt, scoria and wff eruptions of the
Bashan Group.

This subdivision comprises the deposition since the Middle
Miocene opening of the Rift. Neotectonic isostatic readjustments



Introduction to Part IV - Israel

roduced thereshaping of the eastern Mediterranean and the Levant.
P casten Mediterrancan portion of the African Plate underwent
uplift and deepening of its basins, echoing thg differential gpliﬁ of
the adjacent Levant-Sinai portion of the African Plate, dissected
into Negev, Judean, and Galilee blocks. The sinking of the Dead
Sea Rift, echoed by the uplified Transjordan pqrtion of the Arfubian
Plate, generated a totally new orography, affecting the mountainous
backbone of the Sinai-Levant Sub-plate.

These tectonic events were further accompanied by volcanism
on the Golan Heights and the eastern Galilee, filling also parts of
the Yizre’el Valley and the Jordan-Dead Sea-Arava Rift.

The continuous deepening of this Rift (Jordan and Arava
Valleys) was echoed by the deposition of the Dead Sea Group,
representing an independant province.

Late Miocene, presumably Tortonian, marine ingression into
the Rift through the Yizre’el Valley left behind the thick evaporites
of Zemah, south of the Sea of Galilee, and of Sedom, in the Dead
Sea area. These marine ingressions that found their way into the
young Rift, filling the freshly formed rhombs with thick evaporites,
preceded the Messinian evaporites in the Mediterranean.

The Dead Sea Group encompasses the Late Miocene and
Pliocene clastic sediments of the Rift extending from the Jordan to
Arava Valleys, including the Arava Conglomerates and the Amora
Formation. The marine ingressions into the Yizre’el Valley (Bira,
Zemach, Gesher) reached the Dead Sea area (Sedom) leaving thick
evaporites.

The Pleistocene Lake Lisan filled parts of the Jordan and
Arava Valleys, associated with the ascent of man, and preceded the
Holocene - present Dead Sea.

The Pleistocene deposits of the Coastal Plain of Israel reflect
the oscillations of the Mediterranean Sea during the Glacial periods
and the isostatic movements of the Levant Platform.

IV(3): HOLOCENE
The malking of the desert and the shrinking of the Dead Sea.
Includes the present Dead Sea, alluvium and Loess deposits.

SUMMING UP THE STRATIGRAPHY

The geology of Israel deals with the nature and evolution of
an epicontinental platform between a craton and an orogenic belt.
Its stratigraphic column or 7 km thick stack of sedimentary layers
subdivides into four main phases of development:

Phase . The oldest rocks, exposed in the southern part of the
Negev (Timna Park and Elat), consist of Late Precambrian syn-
orogenic volcanics and metamorphics, consolidated by the pan-
African orogeny. They build up the Arabian-Nubian Craton and
are a part of the Gondwanian Plate agglomerate. This phase was
ended by a regional peneplain.

Phase IL Comprises the rocks deposited during the time-
span that lies between the pan-African and Alpine orogenies. It
€hcompasses groups, separated by uplifts and volcanic events.

The Early Paleozoic Yam Suf Group, that consists of marine
Early Cambrian arkoses, carbonates with trilobites, and Cambro-
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?0rdovician continental quartzites. Rocks of this phase are also
exposed in the southern part of the Negev (Timna Park).

The sandstones and limestones of the Late Permian Negev
Group and Early Triassic part of the Ramon Group are known
from boreholes north of the Paran-line and from exposures along
the eastern Dead Sea shore.

In Har Arif the Middle-Late Triassic part of the Ramon Group
comprises Anisian limestones and sandstones and at Makhtesh
Ramon, Anisian sandstones, Ladinian limestones, and Carnian
dolomites and gypsum. The Ramon Group is covered by a regional
lateritic event that represents the base of the Jurassic Arad Group.
Furthermore in Makhtesh Ramon the latter consists of alternating
fluvio-deltaic and marine clastic to carbonatic strata, representing
the Liassic, Aalenian, and Bajocian stages. The Callovian stage
is partly represented in the Hamakhtesh Hagadol, also known as
the Hatira or Kummub cirque. More comprehensive sections are
exposed in Gebel Maghara (Sinai, Egypt) and Mount Hermon
(the Anti-Lebanon). The Jurassic in the Negev is truncated by an
angular unconformity.

The Early Cretaceous Kumub Group consists of continental
variegated sandstones and marls, with volcanics, exposed in the
Ramon cirque. Particularly well-exposed in Hatira (Kurnub) are
marine marly intercalations, witnessing ingressions into the Negev
of the Barremo-Aptian and Early Albian sea, that formed the
carbonates of the Galilee Group in the north of Israel. Late Albian-
Early Coniacian platform-carbonates build up the Judea Group,
well-exposed in the Judean Mountains and Negev anticlines, as
the result of the next phase.

Phase ITL The Alpine orogeny was echoed by the Levantinid
inversion of Early Mesozoic faults, producing the asymmetrical
folds of the S-shaped Syrian Arc. This extends from northern
Sinai to the Palmyrids. Folds in the Negev and Judea are typically
asymmetric.

The Syrian Arc shaped a paleogeography of basins and highs,
sometimes islands, that controlled the carbonatic and silicious
sedimentation of the Senonian-Paleocene Mount Scopus Group,
the Eocene Avedat Group. and the Oligocene lower part of the
Sagiye Group.

A regional uplift ended this phase, resulting in denudation and
erosion.

Phase IV. After the Middle Oligocene regression, the marine
Neogene of the middle part of the Sagiye Group was only slightly
exposed in the Coastal Plain rise (Beersheva).

Marine deposition passes ecastward into the continental
deposits of the Tiberias Group.

Since the Late Oligocene or Early Miocene a sinistral strike-
slip along the Jordan-Gulf of Agaba line opened a chain of thomb-
shaped grabens, accompanied by basalt eruptions. The presumably
Tortonian ingression in the Yizre’el Valley found its way into the
Rift, depositing thick evaporites in the freshly collapsed rhombs
south of the Sea of Galilee and in the Dead Sea, preceding to the
Messinian evaporites in the nearby Mediterranean.

Pliocene isostatic readjustments produced the downwarp of
the eastern Mediterranean Basin, echoed by the differential uplift
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of portions of the African, Levantine and Arabian sub-plates. A
Late Pleistocene Lake Lisan filled parts of the Jordan and Arava
Valleys, associated with the ascent of man, preceding the Holocene
formation of the present Dead Sea.

SHORT OUTLINE OF THE TECTONICS IN ISRAEL

+ Collisions and uplift, slipping and faulting;

+ The interplay between the African-Arabian Cratons and the
Alpine Orogenic Belt

* Nature and structure of our crust

* The twisting, slipping and colliding of plates

* The folding of the mountains

» The fracturation of the crust

The tectonic setting of the eastern Mediterranean and the
Levant consists of the triple junction of the African, Arabian
and Anatolian Plates, bounded by the Cyprian Arc, Peri-Arabian
Ophiolitic crescent, and Dead Sea Transform (Fig. IV.22)

The eastern Mediterranean Levantine Basin is possibly
paved by a thinned ancient crust and filled by thick phanerozoic
sediments of epicontinental nature. Geophysical and geological
data suggest that paleotectonic structures cross the present Levant
coast and that a number of highs and paleo-landmasses encircle the
Mesozoic Pleshet aulacogen, a basin extending from the present
Mediterranean offshore to the Coastal Plain subsurface and into
the Judean Embayment.

The strongly interwoven geological and tectonic history
of the Levant is punctuated by periods of subsidence and uplift,
subdivided into phases:

1) The early geological history of the Levant is Gondwanian. A
basement of accreted terranes, consisting of plutonics, volcanics,
ophiolites and metasediments was consolidated by the Late
Precambrian Pan-African orogeny, including the Menderes,
Eratosthenes, and Arabian-Nubian Massifs, prior to regional
peneplanisation.

2) The Paleozoic history of the Levant is one of End-Devonian,
Permian, and post Permian domal uplifts, which resulted in the
erosion of much of the Paleozoic deposition. Hardly anything is
left of the Ordovician-Devonian sedimentation and the earliest
Triassic is missing. A paleo-geological subcrop map of the Near
East suggests that the post-Devonian high encompasses a large
area of the eastern Mediterranean (See Chapter 18K: Tectonic
Evolution, Fig. 18K.4).

3) The Early Triassic opening of Neotethys across Gondwana
was echoed by Mesozoic epicontinental sedimentary cycles of the
Ramon Group (Olenekian-Rhaetian), Arad Group (Pliensbachian-
Tithonian), the Galilee Group (Berriasian-Aptian), and Judea
Group (Albian-Coniacian), well-developed in the depocenters of
respectively the Galilee, Palmyra, and Judea Embayments. These
cycles are interrupted by intracratonic rifting, uplifts, volcanics,
and/or eustatic sea level changes, possibly echoing the neoTethyan
island arc and mid-oceanic volcanism and spreading.

4) Reflecting the alpidic Neotethys-Gondwana collision,
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the Levantid deformation of the Negev-Paimyrid belts is the
result of the inversion of Early Mesozoic faults, producing the
asymmetrical folds of the S-shaped Syrian Arc. These extend from
northern Sinai to the Palmyrids. Folds in the Negev and Judea are
typically asymmetric. As noted above, the carbonatic and silicious
sedimentation of the Senonian-Paleocene Mount Scopus Group
and of the Eocene Avedat Group were controlled by the basin
and high paleogeography of the Syrian Arc. The Oligocene lower
part of the Sagiye Group represents the last period of this phase.
Sediments of this age were widely destroyed by the regional uplift
that started the next phase, leaving only a few marine outcrops in
the northern Negev, the Coastal Plain and Golan Heights.

5) A possible mid-Oligocene tectonic rebound coincides with a
drop in sea level, enhancing regional regression, emergence, and
erosion. Since the Late Oligocene, the opening of the Red Sea
split the Gondwanian foreland into separate African and Arabian
Plates. The continued collision at differing speeds with the neo-
Tethyan Anatolian Plate, that generated the Dead Sea Transform,
also resulted in the Miocene deformation of the Palmyrid belt,
absorbing a part of the pressure. The sinistral strike-slip aiso
opened a chain of rhomb-shaped grabens along the Jordan-Gulf
of Agaba line, accompanied by basalt eruptions at its northemn end.
Pliocene isostatic readjustments produced the downwarp of the
eastern Mediterranean Basin, echoed by the differential uplift of
portions of the African, Levantine, and Arabian sub-plates.

THE LEVANTID FOLDING BELT

The Levantid folding belt is a segment of the peri-Arabian
foreland folding-arc, extending from the Pelusium transform in
the west to the Euphrates graben in the east. (Fig. IV.23). This
Levantid belt is split into the segments of the Negev-folds and of
the Palmyrids by the Dead-Sea Transform, giving it an apparently
S-shape. These folding arcs share northeast trending axes,
asymmetry due to presence of basement-controlled reverse faults,
and a multiphase history of deformation. The Senonian-Early
Miocene W-WNW trend is actually referred to as the ‘Syrian Arc’
stress field, followed by the Late Miocene-Pleistocene ‘Dead Sea’
stress field (Eyal and Reches, 1983).

Starting in the Coniacian, the Levantid compression
decomposes into transversal faulting with strike-slip components
and vertical displacements, and in reverse faulting with asymmetric
folding. These compressional pulses recurred until the Early
Miocene. Post Oligocene deformation decomposed into folding
and sinistral strike-slip movements, possibly in combination. In the
Hermon the compressional deformation, though present from the
Senonian, reached its peak only after the Oligocene, as happened
to the Palmyrides (Chaimov et al., 1990).

The ultimate Levantide deformation is related to Late
Neogene-Quatemnery rifting, arching, and volcanism.

In summary, after consolidation of the Precambrian (Pan-
African) basement, the Phanerozoic history of the Levant can be
subdivided into a Cambrian-Devonian period of sedimentation
and subsidence, ended by end-Devonian/pre-Carboniferous uplift
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Figure IV. 22. Plate tectonic pattern of the eastern Mediterranean Levant with main Levantid features (modified after Hirsch et al., 1995 and Searle, 1994).
Gondwanian elements: African and Arabian plates in white; 1. Precambrian basement exposed or geophysically signaled; 2. Paleozoic sediments;
BD Bey Daglari; P Pisidia, ST Seydisehir-Tarasci; E Eratosthenes, WBH Western Basement high, PB Pleshet Paleobasin. Neotethyan elements:
3. Anatolian Plate. Ophiolites in black, B Baer-Bassit; H Hatay, T Troodos. Boundaries: 4. Tauro-Zagrid thrust-front; 5. Dead Sea transform; 6.
Neotethyan suture; 7. Present coastlines. This figure also appears as Fig. 18K.2 in Volume II.

and erosion, recurring in Late Carboniferous/Early Permian and
Late Permian/Early Triassic times. The Mesozoic depocenters
are Neotethyan: the Triassic Galilee (Devorah) Embayment, the
Jumic Judea Embayment, and the Cretaceous Pleshet Paleobasin,
prior to Alpine-Levantinid deformation and its subsequent syn-
tectonic deposition.

'Is.rael is located along the northwestern margins of the Arabo-
Nubian continental Craton which is a part of the African-Arabian
plates made up of rigid blocks composed of a complex assemblage
of Precambrian igneous, metamorphic, and sedimentary rocks.
During Cambrian to Holocene time, regional geologic conditions
Wwere dominated by interaction between this rigid continental mass
and the pceanic areas to the north and northwest. This produced
the stratigraphic sequences that have so far been observed in the

surface and subsurface geologic record of Israel and surrounding
areas. This interaction between the Arabian Craton and adjacent
oceanic areas is further controlled by structural features and the
interplay of four basic modes as follows:

1) Alternating advance and retreat of shallow epicontinental
seas on the Arabian Craton, in response to cratonic subsidence/
emergence and eustatic sea level changes.

2) Opening and closing of the Tethys, accompanied by faulting
and volcanism.

3) Convergence and development of a alpidic folding system:
the Levantide folds or the Syrian Arc (Senonian-Eocene).

4) Regional uplift and fracturation of the Arabian Craton margin
as a part of the dismantling of the Arabian-African Plate and
isostatic readjustments (Oligocene through Holocene time).
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Figure IV.23. Middle East tectono-sedimentary framework. 1. Arabo-Nubian Shield; 2. Stable Shelf (continental beds and thin marine intercalations); 3.
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Eratosthenes.

From Cohen, Z., Flexer, A., and Kapstan, V., 1988, which is modified after Picard (1937), Henson (1951), Said (1962), Powers et al. (1966),
Ponikarov et al. (1967), Salem (1976), Druckman et al. (1982), Alsharhan and Naim (1986), and Ben-Avraham and Ginzburg (1986). This figure

also appears as Fig. 18K.1 in Volume II.

1. CRUSTAL STRUCTURE

The crustal structure is an important factor affecting the
tectonic processes discemed in the sedimentary epidermis.
Ginzburg et al. (1978.) point out that a relatively thick cratonic
continental crust which occurs beneath southern and central Israel
becomes thinner both to the west and northwest (towards the
Mediterranean Sea) and to the north across an E-W zone in central
Israel. These zones of crustal thinning have been interpreted as
representing the ancient margins of the Arabian Craton now buried
beneath a Phanerozoic sedimentary cover that thickens westward

(Ginzburg and Gvirtzman, 1979; Ginzburg and Folkman, 1980,
1981). Differences in the composition of the crust might also occur
in central and northern Israel.

For Ginzburg and Gvirtzman (1979) the crust beneath the
sedimentary prism under the present Mediterranean shelf of Israel
might represent a transition zone of oceanic type crust.

A thinning of the crust also takes place under the Rift Valley
to a distance of 20 km west of the Rift. This is interpreted by
Ginzburg et al. (1978) as a zone of upwelling where upper mantle
material is intruded into the lower crust along a narrow active



Introduction to Part IV - Israel

sone. This process probably commenced in the south close to
the geodynamically active area of the Red Sea, and gradually
proceeded to the north.
To sum up it seems that the region of Israel can be divided into

four crustal provinces:

1) Southern (and central?) Israel with a thick continental crust;

2) Northern (and central?) Israel with thinned continental crust;

3) The Dead Sea Rift with a thin continental crust and possible

mantle upwelling;
4) The eastern Mediterranean with a thinned crust of oceanic

character.
The boundaries between the various crustal provinces are

poorly defined.

2. PLATE TECTONICS

The Middle Eastern portion of the African-Arabian Plate
can be subdivided into the Arabian sub-plate, comprising Saudi
Arabia, Jordan, Iraq and parts of Syria; the Sinai-Levant sub-plate
comprising the Sinai Peninsula, Israel, Lebanon and parts of Syria;
and the eastern Mediterranean sub-plate comprising the Levantine
Basin.

The Arava-Dead Sea-Jordan Rift Valley is a plate boundary
separating the Arabian sub-plate from the African Plate. It should
be pointed out that this boundary has been developed since Miocene
time as a major left-lateral transform fault zone in response to the
culmination of a major collision of the African and Eurasian Plates.
Previously during most of the Phanerozoic era the two plates were
united into one tectonic unit under the local name of the Arabian-
Nubian Massif or Craton.

The boundary separating the Sinai Levant Plate from the
Levantine Basin has been defined in different ways by various
authors. For Neev (1977) the plate boundary is the Pelusium Line
(see Chapter 22), a left-lateral shear accompanied by geophysical
discontinuities and sedimentary facies and thickness changes.
Ben-Avraham et al. (1978) interpret the zone as a transition of
continental crust to an oceanic-type crust and the present-day toe
of the continental slope.

3. MOUNTAIN FOLDING
Israel subdivides into a number of tectonic provinces. Such

provinces are defined in the geological sense, as zones having
common geophysical, seismological, structural, sedimentary and
historic characteristics. A tectonic province is separated from its
adjacent provinces by a clearly defined zone or boundary. In most
Cases a tectonic province is expressed by a typical morphological
character. Picard (1937) coined the five classical morpho-tectonic
units of the Middle East. In the sense of Picard the Sinai-Levant
Plate can be largely divided, into the following tectonic provinces
(Fig. IV.23):

1) The Arabian-Nubian Massif, consisting of a Precambrian
terrain devoid of sedimentary cover;

2) The Tabular zone, consisting of a thin sedimentary cover
on a relatively thick continental crust, which has been relatively
stable during and since the Paleozoic. It has only been subjected
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to slow, epeirogenic, long-wave length oscillations that brought
about rhythmic advances and retreats of the sea over its margins.
During the Paleozoic and the greater part of the Mesozoic, these
generated a typical platform sedimentary cover of mature clastics
(primarily sandstones) on a flat continental landscape, or carbonate-
shale sequences in shallow epeiric seas. An accentuation of earth
movements took place in Late Triassic and in Late Jurassic-Early
Cretaceous times. The rate of historical seismicity in this tectonic
province appears to have been very low.

3) The simple folding zone, consists of the Levantides Fold Belt
or folds of the “‘Syrian Arc’. It is a flat S-shaped band of folds that
extends from north-western Sinai, through Israel and Lebanon,
into Syria. The common characteristic of this tectonic province is
the presence of generally normal concentric folds developed in the
sedimentary cover. Most of the folds are strongly asymmetric, a
feature generally attributed today to the presence of reverse faults
at depth. Picard’s complex folding zone and intermediate mountain
mass are located beyond the area of the present work, mainly in
southern Turkey and the Persian Gulf Area (Tauro-Zagrid ranges)
and the central Turkish plateau.

4) The Levantine Basin represents a tectonic province that
comprises the eastern part of the eastern Mediterranean. It extends
from the Levant Continental Margin provinces westward beyond
our study area. The crustal and tectonic structure in this province is
poorly understood. Some workers believe that the crustis continental
(e.g. Woodside, 1977), others claim that it is oceanic (e.g. Ryan et
al., 1973). Recent crustal investigations between Israel and Cyprus
(Makis et al., 1983) suggest that the Levant Basin is underlain by
anormal oceanic crust overlain by a thick sedimentary sequence of
over 12 km thickness. Recently Flexer et al., (1988) have placed
most of this area into the offshore Pleshet Basin.

The physiography of the eastern Mediterranean is closely
related to the tectonic processes in this region. The floor of the
Levantine Basin is quite smooth due to the large accumulation of
sediments, most of them are derived from the River Nile. Along
the eastern and southern province boundaries with the continental
margins of Israel and Sinai there are some indications that active
faults occur in association with seismicity (Folkman, 2003).

4. TRANSVERSAL FAULTING

Transversal faults crossing the Sinai-Levant Plate are observed
in the north (the Carmel-Gilboa fault) as well as in the south. A
series of east-west trending tectonic lineaments transverse the Sinai
Plate and extend from the Thamad fault northwards to the Zin
Line. Each lineament consists of a system of faults accompanied
by many small folds and fault-controlled depressions that form a
conspicuous morphotectonic belt. Collectively, this series of east-
west trending lines are referred to as the central Sinai-Negev Shear
Zone.

A WNW fault system is discerned in central and northern
Israel by field work, air photos, and geophysical methods.
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relations activity of our GSI colleague Dov (Dovele) Ginzburg. At
some International Geological Congress Dovele had the chance
to meet Eric Neshan Tiratsoo (1915-2000), co-founder of the
Journal of Petroleum Geology (see obituary in J. Petrol. Geol., Vol.
24, Nos. 14, 2001), and an old hand at the petroleum geology of
Palestine. Dovele persuaded Tiratsoo to visit Israel to meet his old
friend Leo Y. Picard. During this visit Tiratsoo proposed to Picard
to write a book and publish it in his publishing house (among others
he had published the Lebanese petroleum geologist Ziad Beydoun
- 1925-1998). Picard replied that he was too old, but F. Hirsch,
present at that meeting, told Tiratsoo later that he was intriqued by
the suggestion and that he might do this together with A. Flexer.
Tiratsoo agreed, and Hirsch and Flexer began on the project.

With the approval and encouragement of Dr. Gideon Steinitz,
then Director of the GSI, the project to prepare a new Lexique
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PROFESSOR LEO YEHUDA PICARD
3 June 1900 4 April 1997

Francis Hirsch

Geological Survey of Israel, Jerusalem, Israel

Leo Picard was bom on the shores of Lake Constance,
Germany. From his early youth he cultivated a love for nature.
His interest in geology in particular developed thanks to a teacher
who took his students on field-excursions in the nearby Table Jura
and Hegau volcanoes. In addition to a secular modemn education,
he also manifested a strong interest in the Zionist cause, being an
active member of the Blau-Weiss youth organisation.

He studied geology at the University of Freiburg/Breisgau,
from which he graduated in 1923 having obtained a Ph.D. After
another year at the university of Florence in Italy, he embarked for
Palestine in 1924,

To people questioning him during the voyage about what
brought him to Palestine, the young Picard simply answered “to
find water”.

And this is exactly what the ‘Doktor von der Erd’ (as his
landlady called him) did, in the Yizre’el Valley, at Ginegar along
the border fault that runs below the mountains of Nazareth.

The career of Picard did not stop there. After the opening of
the Hebrew University in Jerusalem, he became the founder of its
Department of Geology. While the young professor was forming
his school, he also started his systematic study of the geology of
Palestine and the Levant. In 1931 he obtained the degree of Doctor
of Science from the University of London.

Thanks to his work as a geological consultant in Latin America
and China, his vision became global. In 1937, with ‘Structure of the
Arabian Peninsula’, he laid the basis for a new structural conception
of the Arabian Peninsula, a scheme still widely in use today (Fig.
Iv.22).

With the founding of the State of Israel, Picard established the
Geological Survey of Israel (1949), and the Hebrew University
Center for Underground Water Research (1965). These institutions
allowed the further systematic research and exploration of
natural ressources and opened the country to young students of
hydrogeology from Africa and Latin America.

Next to his activity as an advisor to the government, Picard
was also a Board Member of several oil exploration companies.

Towards the end of his geological career, Leo Picard started
his compilative study of the Triassic (1974) and Jurassic (1987)
regional stratigraphy. Soon after, his last scientific paper (1989)
again dealt with the Dead Sea Rift, a subject close to the Rhine-
graben of his student years.

Picard also contributed to the understanding of the
morphology of the Levant. He was fascinated by both prehistory
and archeology. A great lover of classical music and close friend
of Ardon, the painter, he also had a fine ethnographic collection.
He read abundantly, especially biographies. The latter probably led
him to write his own memoirs, based on his abundant letters with
scholars around the world, as well as the many letters to and from
his mother.

A. Flexer, F. Hirsch and J. K. Hall

Figure IV.24. Prof. Leo Picard (1900-1997), Geologist, Israel. Prof. Picard
founded the Geological Department of the Hebrew University
in Jerusalem, the Geological Survey of Israel, and the Institute for
Groundwater Research of the Hebrew University in Jerusalem. His
contribution to the discovery of water earned him wide recognition
and fame in the country. Academically he established the concepts
of the structure and geological evolution of Israel. Photo by Hayim
Goldgraber (1993) courtesy of Dr. Eliahu Wakhshal (The Leo Picard
Groundwater Research Center, Seagram Center for Soil and Water
Sciences, The Hebrew University of Jerusalem, Rehovot 76100).
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Picard enjoyed life and did not lack a sense of humor. He
Joved to tell how in 1982, after a ‘Penrose’ conferf:nce in Capri,
Jtaly, thanks to a physical ressemblance, he was men for the
famous pianist Rubinstein. The already closed airport restaurant
was especially re-opened for him, and he enjoyed a very good
meal, playing the ‘maestro’ to the end!

He was a member of many geological societies. He received

honors, like the Israel Prize, and several Doctor Honoris Causa.
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PROFESSOR ZEEYV REISS (1917-1996)

Zeev Lewy

Geological Survey of Israel, Jerusalem, Israel

Jonathan Erez

Institute of Earth Sciences, The Hebrew University of Jerusalem

Zeev Reiss, Professor Emeritus of Geology at The Hebrew
University of Jerusalem, micropaleontologist, stratigrapher, teacher
of several generations of students, died on 11th of July 1996 after a
short illness. He was 79 years old.

Zeev Reiss was born in Czerniowitz, Rumania in 1917. His
sense of esthetics attracted him to the study of natural life and the
beauty of plants, animals, and landscapes. In 1937 he began to
study natural sciences, majoring in biology, at the University of
Czemiowitz. His studies were interrupted by World War II, which
he survived in Nazi labor camps. After the war he managed the
Health Department for displaced persons of the American Joint
Distribution Committee in Munich, Germany. He immigrated
to Israel in 1949 where he started work as a scientific-technical
assistant at the Geology Department of The Hebrew University,
Jerusalem, while pursuing a degree in Geology and Paleontology.

Introduced to micropaleontology by Professor M. Avnimelech,
Zeev became greatly interested in microfossils, especially
foraminifera. He rapidly learned the systematics of the foraminifera
and observed the wide distribution of planktic foraminifera and
their usage in biostratigraphic correlations. When the necessity
arose, in 1950, to establish a micropaleontology-stratigraphy
laboratory at the Geological Survey of Israel mainly for the purpose
of groundwater exploration, Zeev took the task upon himself. Later
he became chief micropaleontologist and director of the survey’s
Paleontology Division, a position he held until 1966. Subsequently
he compiled the first biostratigraphic distribution charts for Israel.
His routine work on thousands of analyses provided the updated
biostratigraphic control for surface mapping and subsurface
geological reconstructions. He was the first to introduce the modem
concepts and nomenclature of stratigraphy, correlation, and facies
changes — a major contribution to the geological mapping of
Israel.

Because of his experience in micropaleontology he was
appointed guest lecturer at the Department of Geology of the
Hebrew University in 1953 while he was still completing his official
geological education in the department. Years of routine research
and the study of the available literature stimulated his curiosity
to understand how alleged “primitive” unicellular organisms
construct such complex endoskeletons, and to learn the function of
each morphological feature. In 1954 he began to study the internal
features of foraminiferal shells with special emphasis on their
wall-structure. His publications were the basis for a fundamental
reappraisal of the taxonomy and the phylogenetic relationships
within foraminifera. His Ph.D. thesis in 1962 (which he completed
summa cum laude) was a breakthrough in the understanding
of foraminiferal shell structures. In 1960, while analyzing the
foraminiferal assemblages of the Upper Cretaceous phosphorite
deposits of Israel, he suggested for the first time the probability

A. Flexer, E Hirsch and J. K. Hall

Figure IV.25. Prof. Zeev Reiss (1917-1996) Paleontologist, Israel. As
the founder of micropaleontological studies in Israel, he organized
laboratories at the Geological Survey and the Hebrew University and
took part in the study of the Red Sea. For his life work he earned the
medal of the Cushman Foundation. Photo courtesy of Pnina Merling
Reiss, Prof. Reiss’ widow.



Introduction to Part IV - Israel

that certain species were adapted to low-oxygen and high-water-
fertility conditions. These theories, corroborated widely during the
Jater years, became important tools in paleoceanographic research.
In 1966, Zeev was appointed Senior Lecturer in Geology
at The Hebrew University of Jerusalem. A year later he was
romoted to Associate Professor, and in 1971, to Full Professor.
In 1969 he started investigating the living foraminiferal faunas of
the Gulf of Aqaba. Recognizing the necessity to study these faunas
within the framework of oceanographic settings of the gulf (then
largely unknown), he initiated and directed a three-year program
for the study of physical, chemical, and biological oceanography
of this region. This program attracted many foreign scientists and
students, resulting in a large number of publications, many of them
authored or co-authored by Reiss. With his students he studied the
foraminifera, pteropod, and coccolithophorid populations in the
gulf, as wellasthe ecology and population dynamics of these groups.
At this time, Reiss also obtained the cooperation of Woods Hole
Oceanographic Institution whose research vessel took the first deep
sea cores in the Gulf of Agaba. These cores were studied by Reiss
and his co-workers, and provided the basis for a paleoceanographic
and paleoclimatic reconstruction of the gulf during the last 150,000
years. In 1984, together with L. Hottinger, Reiss published the
results of these studies in the widely acclaimed book, “The Gulf
of Aqaba,” for which he received the annual award of the Israel
Geological Society. The publication of Recent Foraminiferida from
the Gulf of Aqaba, Red Sea by Hottinger, Halicz, and Reiss in 1993,
was the culmination of an extensive study by SEM, X-ray, and light
microscopy of the taxonomy and internal structure of more than
360 foraminifera species in the gulf.
Zeev Reiss served his profession on many national and
international scientific committees. He was head of the Department
of Geology of The Hebrew University of Jerusalem, as well as
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Director of its Institute of Earth Sciences, and Director of the H.
Steinitz Marine Biology Laboratory in Eilat. He was elected vice-
president and president of the Israel Geological Society, of which
he later became an honorary member. He served on the editorial
boards of the Israel Journal of Earth Sciences, Revista Espaiiola
de Micropaleontologia (Spain), and Marine Micropaleontology
(USA). For his significant scientific achievements he was elected -
Foreign Member of the Royal Netherlands Academy of Arts and
Sciences (1983), received the J. A. Cushman Award for 1989 for
Excellence in Foraminiferal Research of the Cushman Foundation
for Foraminiferal Research, and an honorary doctorate from the
University of Munich, Germany (1992).

Zeev Reiss will be remembered by his colleagues as a devoted
teacher and mentor. He was elected “Distinguished Lecturer”
of the Faculty of Sciences (1983) for his outstanding lectures.
He devoted much of his time to students of geology in general,
and particularly to students of micropaleontology, microfacies
and paleoceanography. He closely followed the progress of his
former students, many of whom work today as professors and
senior scientists in various universities and scientific institutions in
Israel and in other countries. Afier he retired from active teaching,
Zeev continued his scientific work and advised graduate students.
Recently he proposed some stimulating ideas onthe paleo-ecological
significance of foraminifera in the Eastern Mediterranean.

For nearly half a year he bravely struggled with his illness. It
has put an end toa long period of remarkable scientific achievements
that greatly contributed towards geological research in Israel, and
that promoted modern approaches to paleoceanography, ecology,
and functional morphology.

His dedication as a scientist and devoted teacher will be
remembered and will serve as an example for his colleagues and
students. He will be greatly missed by all.
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