DOCTORAL THESIS

Crustal structure of the Eratosthenes
Seamount, Cyprus and S. Turkey from an

amphibian wide-angle seismic profile

Supervisor:
Prof. Dr. Michael WEBER
Dr. James MECHIE

Author:
M.Sc. Christian FELD

Dissertation submitted to the Faculty of Mathematics and Natural Sciences at
the

University of Potsdam, Germany

to acquire the academic degree of
Doctor of Natural Sciences (Dr. rer. nat.)

in Geophysics

Potsdam,

October 24, 2014



Advisor / Reviewer 1
Prof. Dr. Michael Weber, Universitdt Potsdam

Reviewer 2

Prof. Dr. Magdalena Scheck-Wenderoth, RWTH Aachen

Reviewer 3
Prof. Dr. Wilfried Jokat, Universitiat Bremen

The study was funded by the Deutsches GeoForschungsZentrum - GFZ and the DFG.
Written by Christian Feld

Published online at the

Institutional Repository of the University of Potsdam:

URN urn:nbn:de:kobv:517-opus4-73479
http://nbn-resolving.de/urn:nbn:de:kobv:517-opus4-73479



Danksagung

An dieser Stelle mochte ich mich bei all denjenigen bedanken, die mich wihrend der
Promotionsphase und bei der Anfertigung dieser Dissertation unterstiitzt und geholfen
haben.

Mein besonderer Danke gilt Jim Mechie fiir die auferordentlich gute Betreuung wéhrend
der gesamten Promotionsphase, fiir die zahlreichen, stets hilfreichen und konstruktiven
Tipps, Ideen und Diskussionen. Ich bedanke mich fiir die Unterstiitzung sowohl bei
inhaltlichen als auch organisatorischen Dingen rund um die Promotion und fiir das ziigige
Korrekturlesen. Ich bedanke mich aufferdem bei meinem Betreuer Prof. Michael Weber
fiir die Moglichkeit diese Studie als Doktorand am GFZ durchzufiihren und bearbeiten
zu konnen und die Ergebnisse auf der AGU 2013 und anderen Konferenzen vorstellen zu
diirfen. Ich bedanke mich fiir den stetigen Einsatz als Sektionsleiter und fiir die guten

Arbeitsbedingungen in der Sektion.

Ich bedanke mich bei allen Teilnehmern der Expedition in die Tiirkei und Zypern fiir
die Datenerhebung und den Kollegen der Schiffsexpedition MSM 14/3. Ich bedanke
mich bei dem Geophysikalischen Gerédtepool Potsdam (GIPP) fiir die Bereitstellung der

Instrumente.

Ich m6chte mich bei Klaus Bauer fiir die Anregung und Unterstiitzung bei der Erstellung
der Line-Drawing Migration bedanken, die wertvolle Inhalte zu den Ergebnissen dieser

Arbeit beigetragen haben.

Ich bedanke mich bei Anke Lerch fiir die Unterstiitzung rund um organisatorische An-

gelegenheiten und fiir das stetige Versorgen mit Biiromaterialen.

Ich mochte mich auferdem bei den IT Administratoren Christof Lend]l und Matthias
Wanjek und fiir deren Unterstiitzung bei PC Problemen jeglicher Art bedanken.

Ich bedanke mich bei der gesamten Sektion 2.2 fiir die Unterstiitzung, konstruktive Dis-

skusionen, Ideen, Anregungen und fiir die tolle Zeit.

Fiir die personliche Unterstiitzung und Motivation wahrend der Promotionszeit mochte

mich auch bei meinen Eltern und Geschwistern bedanken.

Ein besonderes und ganz herzliches Dankeschén geht an Michéle Ickrath fiir das stdndige
Verstédndnis, fiir die moralische als auch fachliche Hilfe, fiir die vielen und hilfreichen

Tipps, fiir das Zuhoren und Diskutieren und natiirlich auch fiir das Korrekturlesen.

iii



Abstract

Crustal structure of the Eratosthenes Seamount, Cyprus and S. Turkey

from an amphibian wide-angle seismic profile

by M.Sc. Christian FELD

In March 2010, the project CoCoCo (incipient COntinent-COntinent COllision) recorded
a 650 km long amphibian N-S wide-angle seismic profile, extending from the Eratosthenes
Seamount (ESM) across Cyprus and southern Turkey to the Anatolian plateau. The
aim of the project is to reveal the impact of the transition from subduction to continent-
continent collision of the African plate with the Cyprus-Anatolian plate. A visual quality
check, frequency analysis and filtering were applied to the seismic data and reveal a good
data quality. Subsequent first break picking, finite-differences ray tracing and inversion
of the offshore wide-angle data leads to a first-arrival tomographic model. This model
reveals (1) P-wave velocities lower than 6.5 km/s in the crust, (2) a variable crustal
thickness of about 28 — 37 km and (3) an upper crustal reflection at 5 km depth
beneath the ESM. Two land shots on Turkey, also recorded on Cyprus, airgun shots south
of Cyprus and geological and previous seismic investigations provide the information to
derive a layered velocity model beneath the Anatolian plateau and for the ophiolite
complex on Cyprus. The analysis of the reflections provides evidence for a north-dipping
plate subducting beneath Cyprus. The main features of this layered velocity model are
(1) an upper and lower crust with large lateral changes of the velocity structure and
thickness, (2) a Moho depth of about 38 — 45 km beneath the Anatolian plateau,
(3) a shallow north-dipping subducting plate below Cyprus with an increasing dip and
(4) a typical ophiolite sequence on Cyprus with a total thickness of about 12 km. The
offshore-onshore seismic data complete and improve the information about the velocity
structure beneath Cyprus and the deeper part of the offshore tomographic model. Thus,
the wide-angle seismic data provide detailed insights into the 2-D geometry and velocity
structures of the uplifted and overriding Cyprus-Anatolian plate. Subsequent gravity
modelling confirms and extends the crustal P-wave velocity model. The deeper part of
the subducting plate is constrained by the gravity data and has a dip angle of ~ 28°.
Finally, an integrated analysis of the geophysical and geological information allows a

comprehensive interpretation of the crustal structure related to the collision process.



Zusammenfassung

Die Krustenstruktur von dem Eratosthenes Seeberg, Zypern und der

Siid-Tiirkei anhand eines amphibischen seismischen Weitwinkel Profils

von M.Sc. Christian FELD

Im Mérz 2010 wurden im Rahmen des "CoCoCo"-Projektes ein 650km langes amphibis-
ches, seismisches Weitwinkel Profil aufgenommen. Dieses erstreckte sich von dem Eratos-
thenes Seeberg (ESM) iiber Zypern und der Siid-Tiirkei bis zum anatolischen Plateau.
Das Hauptziel des Projektes ist es, den Einfluss zu untersuchen, der von dem Ubergang
eines Subduktion Prozesses hin zu einer Kontinent-Kontinent Kollision der afrikanischen
Platte mit der zyprisch-anatolischen Platte hervorgerufen wird. Die seismischen Daten
wurden einer visuelle Qualitédtsiiberpriifung, Frequenz-Analyse und Filterung unterzo-
gen und zeigten eine gute Qualitdt. Das darauf folgende Picken der Ersteinstitze, eine
Finite-Differenzen Raytracing und eine Inversion der offshore Weitwinkel Daten, fiihrte
zu einem Laufzeit Tomographie Model. Das Modell zeigt (1) P-Wellengeschwindigkeiten
kleiner als 6.5 km/s in der Kruste, (2) eine variable Krustenméchtigkeit von 28 — 37 km
und (3) eine obere Krustenreflektion in 5 km Tiefe unter dem ESM. Zwei Landschiisse in
der Tiirkei, ebenfalls aufgenommen auf Zypern, Luftkanonen-Schiisse siidlich von Zypern
und vorausgegangene geologische und seismische Untersuchungen lieferten die Grund-
lage, um ein geschichtetes Geschwindigkeitsmodell fiir das anatolische Plateau und fiir
den Ophiolith-Komplex auf Zypern abzuleiten. Die Analyse der Reflexionen liefern den
Beweis fiir eine nach Norden einfallende Platte welche unter Zypern subduziert. Die
Hauptkennzeichen dieses geschichteten Geschwindigkeitsmodelles sind (1) eine obere und
untere Kruste mit starken lateral Anderungen in Geschwindigkeit und Michtigkeit, (2)
eine Mohotiefe in 38 — 45 km unter dem anatolischen Plateau, (3) eine flach nach
Norden einfallende Platte unter Zypern mit ansteigendem Einfallwinkel und (4) eine
typische Ophiolith Sequenz auf Zypern mit einer Gesamtmaéchtigkeit von 12 km. Die
seismischen offshore / onshore Daten komplettieren und verbessern die bisherigen Ken-
ntnisse liber die Geschwindigkeitsstruktur unter Zypern und des tieferen Bereiches der
offshore Tomographie. Damit liefert die Weitwinkel Seismik detaillierte Einblicke in die
2-D Geometrie und die Geschwindigkeitsstrukturen der angehobenen und {iberlagerten
zyprisch-anatolischen Platte. Die darauf folgende Gravimetrie Modellierung bestétigt
und erweitert das P-Wellen Krusten-Geschwindigkeits Modell. Der tiefere Teil der sub-
duzierten Platte, welche einen Einfallswinkel von ~ 28° hat, wurde durch die Gravimetrie
Daten belegt. Letztlich erlaubt eine ganzheitliche Analyse von geophysikalischen und ge-
ologischen Informationen die umfassende Interpretation der Krustenstruktur welche in

Verbindung mit dem Kollisions Prozess steht.
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Chapter 1

Introduction

1.1 Eastern Mediterranean

The term Eastern Mediterranean region is geographically defined as the most eastern
part of the Mediterranean Sea with Cyprus located in the center of it. The region is
bordered by Turkey in the north, by Israel, Lebanon and Syria in the east, by Egypt in
the south and Greece and the Sea of Crete in the west. The term Levant is also used for
this region to define it in a geographical and cultural way. It consists of the lands (Syria,
Lebanon, Palestinian Territories, Israel and Jordan) and islands (Cyprus) of the eastern

Mediterranean (Graf, 2010).

The eastern Mediterranean is associated with the interaction of four of the Earth’s major
lithospheric plates, Arabia, Africa, Anatolia and Eurasia (see Fig. 1.1). McKenzie
(1972) provided a first-order, plate tectonic description of the region, recognizing active
continental collision in eastern Turkey (Biltis Suture Zone), a westward, lateral transport
of Anatolia accommodated by the North and East Anatolian fault zones (NAFZ and
EAFZ in Fig. 1.1), subduction of African oceanic lithosphere (i.e. Neotethys) along the
Hellenic and Cyprus arcs and extension in the Aegean and western Turkey (described

main tectonic plate motions shown by white arrows in Fig. 1.1; Reilinger et al., 2006).

The region is composed of two separate tectonic domains, the northern Alpine orogenic
belt, and the southern Eastern Mediterranean basin, with the two linked by subduction

and plate collision (Jowitt, 2007).
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The recent plate motions of the involved plates were investigated by McClusky et al.
(2000, 2003) and Reilinger et al. (2006). The entire continental region south of the
NAFZ (Arabia, Anatolia and the Aegean region) is involved in a circulatory, large-scale
counterclockwise rotation, occurring since the Pliocene time (Piper et al., 2010), which
dominates the plate motion in the eastern Mediterranean (see thin arrows in Fig. 1.1).
These arrows reveal that the Arabian platform moves northwards with 15— 18+2 mm/y
relative to Eurasia. Central Anatolia is characterized by coherent plate motion (internal
deformation of < 2 mm/y) with a westward plate motion of 21—24+1 mm/y, de-coupled
from Eurasia along the right-lateral, strike-slip North Anatolian fault zone. The largest
relative motions across plate boundaries occur along the Hellenic Arc. The Aegean region
is moving rapidly towards the south-west, with 30 — 33 + 1 mm/y relative to Eurasia.
From some rare GPS stations in Egypt, a slow (5 — 6 £ 2 mm/y) northward motion of

the African Plate relative to Eurasia is observed.

One of the main recent tectonic features in the eastern Mediterranean is the Hellenic
Arc (HA in Fig. 1.1) in the west of the study area, which is well studied and understood
(Makris, 1976; Angelier et al., 1982; Pichon and Angelier, 1979; Makropoulos and Burton,
1984), whereas its eastward extension, the Cyprus Arc (CYA in Fig. 1.1) is one of the
less well-understood parts of the Alpine-Himalayan tectonic belt (Pilidou et al., 2004).
Due to the similar geometry of the Hellenic Arc and the Cyprus Arc the two are often
compared (Wdowinski et al., 2006; Stride et al., 1977; Papazachos and Papaioannou,
1999). However, observations of plate motions and seismicity revealed that the two arcs
are connected to very different tectonic settings. The convergence across the Hellenic
Arc is with 20 — 40 mm/y, about two to three times faster than across the Cyprus
Arc. This high rate yields a significantly higher level of seismicity with much greater
hypocentral depths (up to 300 km). Another difference is the direction of relative motion:
it is normal along the whole Hellenic Arc, whereas it is normal at the central part of
the Cyprus Arc and subparallel at the eastern part of it. The reason for this is the
different nature of convergence at the two arcs, with the Hellenic Arc being subjected
to subduction throughout its entire length, whereas the Cyprus Arc is connected to

subduction, collision and transcurrent motion (Wdowinski et al., 2006).

Several previous studies investigated the origin, evolution and tectonic context of the
eastern Mediterranean basin (Hsii, 1978; Robertson and Dixon, 1984; Ben-Avraham and

Ginzburg, 1990; Kissel et al., 2003).
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Fastern Mediterranean

The Levantine Basin, east of the study area is also a well investigated area (Netzeband
et al. (2006); Ben-Avraham et al. (2002), see table 1.4), although whether the origin of
the crust beneath the basin is either oceanic (Ben-Avraham et al., 2002; Makris et al.,
1983) or thinned continental (Netzeband et al., 2006; Gardosh and Druckman, 2006) is
still under debate. The maximum sedimentary thickness within the basin is estimated

to be 14 — 15 km (Ben-Avraham et al., 2002; Gardosh and Druckman, 2006).

The Levant region east of the Levantine Basin is tectonically affected by the recently
ongoing collision of the Arabian plate with the Eurasian plate. Its main tectonic feature
is the Dead Sea transform fault zone (DSFZ) which is a left-lateral strike strip fault with
a total length of more than 1000 km, running from the Red Sea to the Biltis belt at
the Maras triple junction (Adiyaman and Chorowicz, 2002). The total left lateral offset
along the DSFZ is estimated to be 100 — 110 km, and has occurred since the Middle
Miocene (~ 20 Ma ; e.g. Zak and Freund, 1981; Garfunkel, 1981; Marco, 2009). Slip
mechanisms along the Dead Sea transform fault zone (DSFZ) vary from pure left-lateral
strike slip (southern part) through left-lateral transtension in, for example, the Dead
Sea basin to left-lateral transpression (northern part; 4 — 6 + 1 mm/y; McClusky et al.,
2003).

Tectonic evolution

The geological and tectonic evolution of the Anatolian plate and the eastern Mediter-
ranean region is highly connected with the opening of the Neotethys ocean in late Pa-
leozoic - early Mesozoic time, followed by rifting of several continental fragments from
the northern edge of the Gondwana continent during Mesozoic and subsequent progres-
sive closure of the Neotethys ocean (Robertson and Comas, 1998). The basin started to
develop during the late Paleozoic - early Mesozoic when the Eratosthenes block, among
other continental fragments, drifted northward away from the Gondwana super-continent
(Schattner, 2010; Garfunkel, 1998). The tectonic evolution continues with northward
drifting of these continental fragments across the Mesozoic Neotethys ocean, subduction
and re-assembly of continental fragments to form the present-day Tauride-Anatolide belt
during Late Cretaceous - Cenozoic (Robertson and Dixon, 1984; Okay and Tiiystiz, 1999;
Robertson et al., 2013a,b). Towards the terminal stages of the Neo-Tethys, during the
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FIGURE 1.1: Overview map of the tectonics of the eastern Mediterrean Sea. Arrows

indicate horizontal plate movement from GPS data after McClusky et al. (2000), faults

are from Schildgen et al. (2012b) amd white arrows indicate general plate movements.
HA = Hellenic Arc, CYA = CyprusArc, ESM = Eratosthenes Seamount

late Paleogene to the present, the entire northern flank of the Afro-Arabian plate pro-
gressively subducted northward beneath Eurasia and formed the recent subduction zones
of the Hellenic Arc and Cyprus Arc (see Fig. 1.1, Schattner, 2010). This is a widely
accepted model and explains many aspects of the geology of the region (Robertson et al.,

2012).

Throughout Plio-Pleistocene time the progressive closure of the eastern Mediterranean
basin continued across the Bitlis-Zagros collision zone and the Cyprus, Hellenic and
Calabria arcs at variable rates (Schattner, 2010). The Eratosthenes Seamount (ESM in
Fig. 1.1), considered as a northward drifted continental fragment of the African plate
(Ben-Avraham et al., 2002; Netzeband et al., 2006; Robertson, 1998b), collided with the
subduction trench alonge the Cyprus Arc during the Late Pliocene - early Pleistocene
(Fig. 1.2), triggering rapid uplift of Cyprus. Concurrently, uplift of the Taurides may
relate to break off or delamination of a remnant oceanic slab (Robertson et al., 2012).

Due to the transition from subduction to collision along the Cyprus Arc, the entire
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eastern Mediterranean was massively deformed during the early-to-mid Pleistocene. Co-
occurrence of the structural modifications recorded in the entire region was synchronous
rather than a cascade of events. Schattner (2010) discusses this tectonic evolution in
detail and figure 1.2 illustrates the timing and characteristics of the mentioned tectonic

deformations.

1.2 Project Objectives and Motivation

The wide-angle seismic investigation presented here, took place within the CoCoCo
project which was launched in 2010 / 2011. This project strives for a quantitative under-
standing of earth processes related to incipient Continent-Continent Collision and to
reveal its impact on the crystalline basement and sedimentary cover, as exemplified by
Cyprus and the Eratosthenes Seamount (ESM) (Ben-Avraham et al., 2002; Netzeband
et al., 2006; Robertson, 1998b) in the eastern Mediterranean. As the ESM is considered
as a continental fragment of the African plate (Ben-Avraham et al., 2002; Netzeband
et al., 2006; Robertson, 1998b), this tectonic setting provides the unique opportunity
to investigate the transition from subduction to continent-continent collision. The 3D-
geometry of the down thrusted crustal block of the seamount will be examined for the first
time by the integrated interpretation of refraction, gravity, magnetic, magneto-telluric

and multi-channel seismic data within the CoCoCo Project.

Subduction-to-collision settings have been documented mainly in the circum Pacific re-
gion, for example the Daisha Seamount which is approaching the Japan trench (Cadet
et al., 1987) collision of the Louisville Ridge with the Tonga trench (Dupont, 1985)
and subduction of seamounts at the Mariana and Izu-Bonin trenches (Fryer and Smoot,
1985). In contrast to the above mentioned Pacific scenarios, the ESM collision pro-
vides the unique opportunity to investigate the transition from subduction to continent-
continent collision as the ESM is considered as continental crust (Ben-Avraham et al.,

2002; Netzeband et al., 2006; Robertson, 1998b).

In particular the objectives of the wide-angle seismic study, presented in the following

chapters, can be summarized as:

e Processing and analysis of an amphibian wide-angle reflection / refraction profile
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FIGURE 1.2: Tectonic evolution of the eastern Mediterranean region during the Pliocene (5 Ma) to recent (after Schattner, 2010)



Project Objectives and Motivation

e Frequency analysis, filtering, geometry editing and travel-time determination (see

chapter 3, Seismic Data and Processing)

e Performing a 2-D ray tracing and travel-time inversion (see chapter 4, Crustal

Modelling and Results)

e Revealing the 2-D geometry of the uplifted and overriding Cyprus-Anatolian plate
(see chapter 4, Crustal Modelling and Results)

e Determining the nature, origin and deformation of the upper lithosphere of the
primary building blocks (ESM, Cyprus and Anatolian Plateau; see chapter 5, Con-

clusions)

Based on these aims a 650 km long amphibious wide-angle seismic profile was deployed
extending from the central Anatolian plate in the north to the ESM in the south (see red
box in Fig. 1.3 and chapter 3.1). The main tectonic and geological features along the
presented wide-angle profile are introduced in section 1.3 and shown in Table 1.1. Fur-
thermore Table 1.1 shows some concrete questions associated with the studied geological
units, which the present investigation tries to answer.

TABLE 1.1: Tectonic and geological units along the amphibious wide-angle seismic
profile and associated questions

geological unit (from north to | questions
south)

Central Anatolian Plateau (Cen- | How thick is the crust of the Anatolian Plateau?
tral Turkey)
Central Taurides (S. Turkey) Do the Taurus Mountains (Turkey) sit on the lead-
ing edge of the Anatolian plateau like the Himalayas
do with respect to Tibet or is there a crustal root
beneath the Taurus Mountains?

Cilicia-Adana Basin (Between S.
Turkey and Cyprus)

Cyprus (Troodos Ophiolites) Is Cyprus floored by oceanic or continental crust?
If Cyprus is floored by oceanic crust, where does
the transition to the continental crust of the Ana-
tolian micro-plate occur? How thick is the Troodos
sequence?

Cyprus Arc (South of Cyprus)
Eratosthenes Seamount What is the nature and origin of the ESM? Is it a
rifted continental fragment or is it of oceanic ori-
gin? How far does the downthrusted Eratosthenes
Seamount stretch northwards and beneath the over-
riding Cyprus and Anatolian plate?

Thus this study tries to reveal structural information about the features summarized in

Table 1.1, (such as geometry, seismic velocity distribution, crustal thicknesses) from new
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geophysical data (wide-angle seismic and gravity). One main focus will be to examine
the suggested continuation of the Cyprus Arc beneath Cyprus and derive a crustal model
for the collision zone between the Eratosthenes Seamount and Cyprus. The question will
be tackled if there is some evidence for a northward dipping slab arising from the sub-
duction of the African plate beneath Cyprus (e.g. Mackenzie et al., 2006; Berk Biryol
et al., 2011; Kempler and Ben-Avraham, 1987).

1.3 Tectonics and Geology

The study area is located within a complex tectonic and geological setting ranging from
Central Anatolia in the north to the Eratosthenes Seamount in the south. Therefore it
stretches across diverse geological and tectonic domains such as the Central Anatolian
Plateau, the uplifted crust of Cyprus, the subduction zone of the Cyprus Arc and the

continental fragment of the ESM.

Within the study area (see Fig. 1.3, red box), several major geological domains can be

identified. From north to south these domains are:

Central Anatolian Plateau

Central Taurides (S.Turkey)

Cilicia Adana Basin (Between S. Turkey and Cyprus)
e Cyprus

Eratosthenes Seamount

In the following subsections the geological evolution and main tectonic features of these

sub-areas and the associated previous investigations are introduced and discussed.

Central Anatolian Plateau, Taurides (S.Turkey) and the Cilicia-Adana

Basin

The entire onshore part of the study area in Turkey is located within the Central Ana-

tolian Plateau which marks the western end of the zone associated with the continental

8
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this study, blue lines indicate previous seismic studies: 1 = Giirbiiz and Evans (1991),
2 = Aydemir and Ates (2006a); Fernandez-Blanco et al. (2013), 3 = Zverev (2010), 4 =
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collision of the Arabian plate with Eurasia. It is located between the predominantly
compressional Eastern Anatolian Plateau and the predominantly extensional Western
Anatolian province (Fig. 1.1) and includes parts of the Central Anatolian Crystalline

Complex (CAAC) and the Menderes - Taurus Block (Fig. 1.3).

The northern edge of the study area is located within the southern part of the Central
Anatolian Crystalline Complex (CACC, Fig. 1.3). This complex is a large region of
metamorphic and granitic rocks with Cretaceous to Miocene ages (Okay, 2008; Dilek
and Sandvol, 2009) which occupies most of central Turkey (Gonciioglu et al., 1997). It
consists of the Kirsehir, Akdag and Nigde massifs and several curvilinear sedimentary
basins (Tuzgdlii, Ulukisla and Sivas), which initially evolved as peripheral foreland and /or
forearc basins in the late Cretaceous, and delimit the CACC in the west, the east and
the south (Dilek and Sandvol, 2009). The Central Anatolian Crystalline Complex is
regarded either as the metamorphosed northern margin of the Anatolide-Tauride terrane

or a distinct terrane separated from the Anatolide-Taurides by the Inner Tauride suture.

In particular the amphibious wide-angle profile starts within the Tuz Goli basin, the
western part of which was investigated by Giirbiiz and Evans (1991) using seismic re-
fraction data (blue line, no. 1 in Fig. 1.3 NW of the Tuz Golii). They concluded a
varying depth of the basement along their profile of about 3 km below the southwestern
end of the profile to 10 km below two basement depressions within the profile. They
derived a middle sedimentary layer with a P-wave velocity of about 4.0 — 4.2 km/s and
associated this with evaporites. For the metamorphic basement, consisting of metasedi-
ments typical for the region, P-wave velocities of 6.15 km/s are suggested. In addition to
this some well data are available from Aydemir and Ates (2006a) and Fernandez-Blanco
et al. (2013). Table 1.2 shows a combined stratigraphic columnar section of the well data
(location of both wells is shown as no. 2 in Figure 1.3). The location of the wells along
the profile is at about 66.5 km (65 km for the Esmekaya-1 well and 68 km for the TG-6
well).

South of the Tuz Go6lii basin the Konya basin is located, which is infilled with up to
400 m thick Quaternary lake marls and other, mainly fine grained sediments (Roberts
et al., 1999; De Ridder, 1965). The southern margin of the Konya basin marks the
geological transition from the Central Anatolian Plateau to the Central Taurides, where

topography increases and older rocks appear at the surface.

10



Tectonics and Geology

TABLE 1.2: Combined stratigraphic cross-section of the TG-6 well (Fernandez-Blanco

et al., 2013) and Esmekaya-1 well (Aydemir and Ates (2006a); for location see no.2

in Fig. 1.3). * = Formation / P-wave velocity after Aydemir and Ates (2006a), **

= Formation / P-wave velocity after Fernandez-Blanco et al. (2013), *** = estimated
P-wave velocity after Christensen and Mooney (1995)

Depth [m] Age Formation Lithology P-wave velocity [m/s]
io - { il
Mlo Cihanbeyli conglomerate, sandst'one,'SI tstone, 2035 - 3585
Pliocene claystone and lacustrine limestone
800- 900 - : -
Nﬁgin_e Ej(cih;aa;((z*/) claystone, marls and siltstones 3042 (*) - 4260 (**)
1200 - 1300 P -
Upper Metamorphic unit: N
Cretaceous Kartal terrestrial redbeds and conglomerates 4600
1926
Magmatic unit: - ok
BASEMENT diabase ‘and splitic basalt 6600 (**%)
4609

For the central Anatolian block Vanacore et al. (2013) proposed an average crustal thick-
ness of about 37 km, which is consistent with typical continental crust. Towards the

southern edge of central Anatolia and Cyprus they observed a crustal thinning to 30 km.

The main part of the study area onshore Turkey is located within the central Tauride
(or Anatolide-Tauride) unit (Fig. 1.3) which covers western and southern Turkey and
is thereby the largest unit in the Anatolian domain. It is accepted as a fragment of
Gondwana because it is underlain by Paleozoic sediments, mainly clastics, which resemble
the coeval sediments of northern Arabia and North Africa (Garfunkel, 2004). The term
Anatolides is used to designate the metamorphosed rocks at the northern edge of the
Anatolide-Tauride Block, whereas the term Taurides designates the non-metamorphosed
thrust and folded sediments, more to the south (Pourteau et al., 2010; Okay, 1984). This
area mainly consists of a stack of thrust sheets of Paleozoic and Mesozoic sedimentary
rocks (Okay, 2008). Subsequently, the Eocene to middle Miocene deformation phases
of the Taurides in southern Turkey resulted from closure of the Inner Tauride Ocean
between the northern end of the Tauride block and the Central Anatolian Crystalline
Complex (Gokten, 1993; Pourteau et al., 2010; Cosentino et al., 2012) with magmatism
associated with the Eocene slab break-off event following ocean closure (Kadioglu and

Dilek, 2010; Kadioglu et al., 2006).

Schildgen et al. (2012a) investigated the marine sediments of the Mut basin, located in
the central Taurides and concluded a multi-phased surface uplift alonge the southern
margin of the Central Anatolian plateau from Late Miocene to the present. The uplift

history involves a phase of ca. 0.8 km of surface uplift starting between 8 and 5.5 Ma
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until 1.6 Ma and a phase of rapid uplift starting at ca. 1.6 Ma that has increased the
margin elevation by ca. 1.2 km and likely continues to the present day. This scenario is
explained by lithospheric slab break-off and the arrival of the ESM at the collision zone
south of Cyprus (Schildgen et al., 2012b, 2014).

Between the southern coast of Turkey and the northern coast of Cyprus the Cilicia-Adana
basin is located. It is claimed to have been formed as a result of the differential incompat-
ibility arising at an intracontinental FFF-triple junction' , where the East Anatolia and
the Dead Sea Transform Faults meet (Ediger et al., 1997). The basin is characterized
by an E-W striking extensional fault system. Sediment thicknesses increase eastward
from about 1 km to about 1.8 km in the middle part of the Cilicia-Adana basin, and
to about 3 km in the east, near Adana Bay, which experienced input from the Seyhan
River (Robertson, 1998a). In the central part of the basin, where the profile crosses
it, sediments are estimated to comprise ~ 1000 m of Plio-Quaternary plus Messinian
and 1000 m of pre-Messinian rocks (Ergiin et al., 2005). A detailed discussion of the
sediments and tectonic features of the Cilicia-Adana basin is given by Aksu et al. (2005)

and Ozel et al. (2007).

Cyprus

Cyprus is the third largest Mediterranean island with a surface of 9251 km? and is located

in the north-eastern corner of the Mediterranean Sea (app. centered on 35°N/33°E).

Cyprus consists of four main geological units (Figure 1.3, a - d). The main terrane on
Cyprus is the central Troodos ophiolite complex (¢ in Fig. 1.3), which was uplifted
during late Pliocene-Pleistocene time. This can be largely explained by the collision of
the Eratosthenes Seamount with a subduction zone south of Cyprus (Robertson et al.,
2013a). The circum-Troodos sedimentary succession (b in Fig. 1.3) covers the area be-
tween the Kyrenia Terrane (a in Fig. 1.3) and Troodos Terrane (¢ in Fig. 1.3) as well as
the southern part of the island. It consists of autochthonous? sedimentary rocks. Car-
bonate sedimentation began in the Palaeocene (65 Ma) with the deposition of the Lefkara
Formation (No. 11 in Fig. 1.4(a)), which includes marls and chalks with characteristic

white colour, with or without cherts (Geological Survey Department, 1995). The Lefkara

'a place where three tectonic plates meet, FFF-triple junction = all transform triple junction
2rocks which are located at the place of their original formation, in contrast to allochthonous rocks,
which have been relocated from their site of formation (Bates et al., 1984)
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Formation is followed by the Pancha Formation (23 - 7 Ma) and the evaporites of the
Kalavasos Formation (No. 9 in Fig. 1.4(a)) in the Upper Miocene (7 Ma). They consist
mainly of yellowish marls and chalks and gypsum and gypsiferous marls, respectively.
During the Pliocene time (5 Ma) a new cycle of sedimentation began and the Nicosia
Formation (No. 8 in Fig. 1.4(a)) was deposited consisting of siltstones, calcarenites and
marls. Finally in the Pleistocene the fanglomerate was deposited which includes clastic
deposits (gravels, sand and silt; No. 7 in Fig. 1.4(a); Geological Survey Department,
1995). The Mamonia Zone (d in Fig. 1.3 and No. 1 in Fig. 1.4(a)) contains a diverse and
structurally complex assemblage of igneous, sedimentary and metamorphic rocks, rang-
ing in age from Middle Triassic to Upper Cretaceous (230 - 75 Ma). These rocks, which
are regarded as allochthonous were placed over and adjacent to the Troodos ophiolite
during the Maaistrichtian (Geological Survey Department, 1995). The Kyrenia Terrane
(e in Fig. 1.3 and No. 12 in Fig. 1.4(a)) is located in the northern part of Cyprus
close to the northern coast and forms a narrow, steep-sided chain of mountains which
rise abruptly up to an altitude of about 1000 m. The terrane consists of allochthonous
limestone formations, which were thrusted southward over the younger autochthonous
marine sediments of Campanian to Eocene age (85 — 40 Ma). These sediments include

pelagic marls and chalks with cherts (Geological Survey Department, 1995).

The juxtaposition of these oceanic and continental fragments took place in a series of
tectonic episodes. It was initiated with the subduction of the African Plate beneath the
Eurasian Plate and the formation of the Troodos Ophiolite (Upper Cretaceous, 90 Ma).
Following a relative inactive tectonic phase (75 to 10 Ma), the placement of the Kyrenia
Terrane and the uplift of the island to almost its present position (Miocene, 10 — 15 Ma)
took place and constitutes an important tectonic episode in the geological evolution of

Cyprus (Geological Survey Department, 1995).

The island, which has been continuously uplifted since the late Miocene, was rapidly
uplifted and completely emerged from the sea during the early Pleistocene (Kempler,
1998; Harrison et al., 2004). Due to the complexity of plate interactions, different ideas
exist about the neotectonic setting of Cyprus. One idea is that an active subduction
zone, located between the Eratosthenes Seamount and Cyprus, referred as the Cyprus
Arc, has been the main driving force behind the uplift of the island (Gass and Masson-
Smith, 1963; Robertson, 2000; Kempler and Ben-Avraham, 1987). One problem regarding

a "classical" subduction zone model is an absence of volcanism on Cyprus at any time
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during the Cenozoic and the absence of a northerly dipping Benioff Zone beneath Cyprus
(Harrison et al., 2004). Therefore Harrison et al. (2004) support a tectonic model which
includes collision of the ESM and the southern margin of Cyprus during the Pleistocene,
which triggered a rapid uplift of Cyprus, followed by domination of a major left-lateral
strike-slip fault system located between Cyprus and the Eratosthenes Seamount rather
than a classical subduction zone. In contrast to this Berk Biryol et al. (2011) proposed

a slab beneath Cyprus subducted along the Cyprus Arc (see Fig. 1.4(c)).

The most prominent geological feature on Cyprus is the ophiolite sequence of the Troodos
massif with an estimated U-Pb zircon age of 91 + 1.4 Ma. The whole ophiolite complex
was obducted® and emplaced on continental crust in the Late Cretaceous (ca. 75 Ma)
(Silantyev and Portnyagin, 2005; Ghose et al., 2014) and has an overall dome geometry
centered on Mt Olympus. The core of the dome is serpentinized mantle peridotite, which
is surrounded by a plutonic then a sheeted dyke complex (SDC) with overlying extrusive
lavas and sediments (Mackenzie et al., 2006). Figure 1.4(a) shows a schematic section
through the Troodos complex and a stratigraphic section. Oceanic crust preserved as
ophiolite sequences are found widely across the eastern Mediterranean, including ophi-
olites in Bosnia, Croatia, Greece (e.g. Othris, Pindos ophiolites), Oman (e.g. Semail
ophiolite), Syria (e.g. Hatay, Baer-Bassit ophiolites), Turkey (e.g. Lycian, Armutlu
ophiolites,) and Cyprus, with its Troodos ophiolite and associated, but still controver-
sial, Mamonia complex (Jowitt, 2007). The Troodos massif on Cyprus belongs to a
group of ophiolites (including Kizildag in southern Turkey and the Baer-Bassit ophiolite
of Syria, Dilek and Moores, 1987) which are well preserved and relatively undeformed,
so that almost the complete sequence through the oceanic crust can be observed (Jowitt,
2007). Figure 1.4(b) shows the ophiolite sequence of the Troodos and its lithological com-
position, which was used for the preliminary construction of an P-wave velocity model

(see chapter 4) for the area of the Troodos complex.

From teleseismic P-wave tomography, Berk Biryol et al. (2011) resolved a fast velocity
anomaly underneath Cyprus and associated this with the Cyprus trench. Down to a
depth of 200 km they suggested a sub vertical slab, which begins to dip northwards with
a ~ 45° angle between 200 and 400 km. Below 400 km the dip of the slab becomes much

gentler and begins to flatten out (see Fig. 1.4(c)). Vanacore et al. (2013) find some

3The term Obduction was introduced by Coleman, 1971 and describes the overthrusting of oceanic
lithosphere (Ophiolites) onto continental lithosphere at a convergent plate boundary where oceanic
lithosphere is being subducted beneath continental lithosphere
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FIGURE 1.4: Schematic structure of the Troodos Ophiolites on Cyprus: (a) cross

section through the Troodos complex modified after Geological Survey Department

(1995); (b) stratigraphic table for the Troodos complex adapted from West (2013); (c)

interpretation of tomographic sections modified after Berk Biryol et al. (2011). CAV =
Central Anatolian Volcanics, NAFZ = North Anatolian Fault Zone.

evidence for a complicated structure of the Moho depth beneath Cyprus. Their data
were compatible with a crustal thickness of about 30 km and a deep dipping structure
at a depth of ~ 55 km, which is interpreted as the slab. Koulakov and Sobolev (2006)
suggested a Moho depth under Cyprus of 33 km, which is in line with the seismic
refraction investigation of Ben-Avraham et al. (2002) (Fig. 1.3, no. 5) who estimated
the crustal thickness to be 30 — 32 km. Makris et al. (1983) (Fig. 1.3, no. 7) postulated
continental crust beneath Cyprus with a Moho at about 35 km depth. Mackenzie et al.
(2006) (Fig. 1.3, no. 4 and Fig. 1.5(b)) executed a wide-angle seismic investigation on
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Cyprus. In combination with some well data they suggested that the Troodos crust is
only ~ 5 km thick, probably similar to average crust formed at slow spreading ridges.
They could not resolve the layer beneath the ophiolite complex but assumed typical
mantle velocities beneath 16 — 18 km. This would indicate a significantly different
crustal thickness beneath Cyprus than other previous studies. Nevertheless they found
some evidences for a deep reflector at ~ 55 km depth, which could originate from the
northward dipping slab. The assumed slab is also suggested by modeling of gravity data
(Kempler and Ben-Avraham (1987); Ergiin et al. (2005), Fig. 1.3, no. 9). Furthermore
Ergiin et al. (2005) concluded thick sediments between the Eratosthenes Seamount and
Cyprus that represent the remnants of an accretionary wedge sitting in the former trench.
In the late 1980s the Cyprus Crustal Study Project (CCSP) drilled three boreholes (CY-
1/1a, CY-2/2a and CY4, location shown in Fig. 1.3) to investigate the geology of the
Troodos ophiolite (Salisbury et al., 1989; Malpas, 1990). The borehole CY-4 penetrated
2263 metres through the sheeted dyke complex and plutonic section of the ophiolite, but
do not reach ultramafic rocks of the mantle section. Table 1.3 shows the lithology of the

drilled zones and the corresponding P-wave velocities.

TABLE 1.3: Lithological cross-section of the C'Y-4 well after Malpas (1990). P-wave
velocities are from (a) Smith and Vine (1989), (b) Mackenzie et al. (2006) and (c)
Salisbury et al. (1989)

Depth [m] Lithology P-wave velocity [km/s]
Sheeted diabase dykes 6.5°, 4.6-5.0°, 5.0-6.4°
675
Fine- to medium-grained gabbros
900
Fine- to medium-grained grabbro-norites and
2-pyroxene diabase dykes
1330 al y
Medium- to coarse-grained gabbro-norites 6.93°, 6.05-6.67°, 6.7-6.9°
1747 . : :
Medium- to coarse-grained websterites and 7.26-7.39, 6.91-7.10°, 7.0-7.4°
2263 related rocks

Eratosthenes Seamount

The Eratosthenes Seamount (ESM) is located in the center of the eastern Mediterranean
basin ~ 100 km south of Cyprus, bounding the passive margin of the Levant to the east
and south and the Nile cone in the southwest. Its size is about 120 x 80 km and its peak
lies at a depth of 900 m, rising about 2000 m above the surrounding seafloor (Mascle

et al., 2000).
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The sedimentary thickness of the ESM is approximately 5 km (Ben-Avraham et al.,
2002). Drilling during LEG 160 has shown that at least the upper part of the seamount is
predominantly composed of limestone and contains no igneous rocks (for drilling position
see No. 8 in Fig. 1.3 and for cross section see Fig. 1.5(a), Robertson, 1998b). It is
suggested that the ESM was uplifted by at least 1 km in post-Oligocene time, with
the main reason for the uplift being seen as tectonic, rather than e.g. glacio-eustatic
(Robertson, 1998b). Zverev and Ilinsky (2005) confirmed the existence of uplifted high-
velocity rocks (6.2 — 7.0 km/s) within a complex layering pattern beneath the ESM. In

contrast to other authors, they suggested that the ESM has a volcanic origin.

Robertson (1998b) interprets the Eratosthenes Seamount as a carbonate platform con-
structed on stretched continental crust rifted from the southern margin of Tethys in
early Mesozoic time. Ben-Avraham et al. (2002) confirm that the crust under the ESM
is continental, but note that it is thinner than normal continental crust. They suggest
that this is caused by the extension that took place during the rifting of this fragment
away from the African continent. By the Early Cretaceous, the FEratosthenes block
formed a shallow-water carbonate platform which subsided in the Late Cretaceous and
was overlain by bathyal pelagic carbonates. This subsidence is seen as the result of
crustal flexure related to collision with the Cyprus active margin to the north. It is now
widely accepted that the seamount is now in the process of an incipient collision with
the Cyprus active margin to the north, i.e. part of the regional Africa-Eurasia boundary

(Robertson, 1998b).

The Moho depth is reported to be 26 — 28 km beneath the ESM by Ben-Avraham et al.
(2002). This is supported by the tomographic inversion of Koulakov and Sobolev (2006),
who derived a crustal thickness beneath the ESM of 27 km. Makris et al. (1983) also

inferred the presence of continental crust which is derived to be 27 km thick.

Table 1.4 shows a compiled overview of previous investigations that took place in the

region of the ESM and adjacent areas such as the Levantine Basin.
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TABLE 1.4: Summary of previous investigations concerning the ESM (after Robertson,

1998a) and adjacent areas

Authors

Key Observations

Comments

Netzeband et al. (2006)

Koulakov ~and Sobolev

(2006)

Ergiin et al. (2005)

Ben-Avraham et al. (2002)

Leg 160 studies: FEmeis
et al. (1996); Robertson
(1998a)

Limonov et al. (1994);

Robertson et al. (1995a)

Krasheninnikov (1994)

Kempler (1994)

Clube and Robertson
(1986)
Sonnenfeld and Finetti
(1985)
Robertson  (1990); Mec-

Callum and Robertson
(1990); Poole and Robert-
son (1991)

Eaton and Robertson
(1993)
Kempler and Ben-

Avraham (1987)

Garfunkel and
(1984)

Derin
Makris et al. (1983)
Robertson and Woodcock
(1979)

Montadert et al. (1978)

Robertson (1977)

Woodside (1977)

Ben-Avraham et al. (1976)

Finetti and Morelli (1973)

Giermann (1969)

Gass
(1963)

and Masson-Smith

The presence of thinned continental crust under the Levantine
Basin is suggested

Crustal thickness of up to 33 km in Cyprus and 27 km under
the Eratosthenes Seamount

Gravity anomalies of the Cyprus Arc and their tectonic impli-
cations

The crust under the Levantine Basin is considered as oceanic

Pliocene-Quaternary deep-sea muds underlain by shallow-
water Miocene limestones and then by upper Eocene and
Upper Cretaceous pelagic limestones; shallow-water at base;
major depositional hiatuses; breccias indicate early Pliocene
break up and subsidence.

Seismic data indicate break-up of seamount by down-to-north
normal faulting; seamount down-flexed and thrust beneath
Cyprus along active margin; also compression-related subsi-
dence along southern margin.

Suggested Eratosthenes down faulted and thrust beneath
Cyprus; dredged granite, basalt; Cenomanian limestone and
Tortonian - Quaternary pelagic carbonate.

Eratosthenes as a quadrilateral graben surrounded by steep
faults to produce a moat; originated as a pre-Messinian high
of African origin.

Relate uplift of Cyprus to underthrusting of the Eratosthenes
carbonate platform or (more northerly) equivalent.

Seismic data suggest that evaporites are absent from west of
Eratosthenes Seamount.

Synthesis of the Pliocene-Quaternary sedimentary cover of
Troodos in terms of collision-related tectonic uplift of southern
Cyprus.

Deformation in southern Cyprus in early Miocene related to
underthrusting, possibly initial stages of northward subduction
beneath southern Cyprus.

Eratosthenes Seamount suggested to be a continental fragment
rifted from Africa.

Available data suggest Levant margin rifted in the Triassic,
orthogonally and not by transform rifting.

Seismic refraction data suggest that both Eratosthenes and
Cyprus are underlain by continental crust.

Eastern Mediterranean Sea seen a relict of Tethys ocean; Lev-
ant possibly rifted from Southern Turkey (Antalya) in Triassic.

Available seismic data suggest the Eratosthenes platform not
covered by Messinian evaporite.

Initial synthesis of tectonic uplift of the Troodos ophiolite since
the Upper Cretaceous; driving force serpentinite diapirism and
tectonic collision.

Single channel seismic survey of the Eratosthenes plat-
form reveals reflective unit below relatively transported unit;
seamount is faulted; sediment-filled basin to north.

Eratosthenes is a large deep-seated structure, large magnetized
feature at depth larger than, and displaced relative to, the
bathymetric high; paleomagnetic pole at ~ 27° N.

Eratosthenes platform is a major edifice with Tertiary or Meso-
zoic reflectors dipping beneath the inferred base Messinian.

Identified major north-dipping fault to north of Eratosthenes

Seamount Giermann Fault.

Cyprus ophiolite uplift driven by underthrusting of the conti-
nental margin of North Africa.

Collapse of seamount to >1800 m
coeval with rapid uplift of south-
ern Cyprus in late Pliocene - early
Pleistocene.

First clear imaging of Cyprus
trench and upper part of down-
going slab.

No evidence that granite and basalt
are in situ. Dredged coral probably
Miocene not Cenomanian.

High-angle faults and related moat
concept not supported by later evi-

dence.

Cyprus uplift caused by collision.

Confirmation of Messinian edifice.

Confirming dominant role of tecton-
ics above north-dipping subduction
zone.

Evidence of southward migration of
subduction front.

Eratosthenes part of African Plate.
Eastern Mediterranean Tethys is

oceanic since the Triassic.

However, recently accepted to be on
different plates.

Eastern Mediterranean oceanic
since the Triassic.

Eratosthenes as a raised edifice in
the Messinian?

Rapid uplift of southern Cyprus in

Plio-Pleistocene.

Subduction trench to the north vis-
ible with benefit of hindsight.

Basic igneous material at depth;
platform evolved with Africa.

Eratosthenes
Messinian?

emergent during

This fault now seen as effective
trace of downgoing Eratosthenes
slab.

Far-sighted inference of continental
collision as cause of Cyprus uplift.
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FIGURE 1.5: (a) Cross-section through the ESM from Robertson (1998b); (b) compi-
lation of 1-D P-wave velocity models from different wide-angle seismic investigations.
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Methods

2.1 Introduction to Seismic Waves

Seismic waves have been used for studying Earth’s subsurface for about 100 years. The
composition and characteristics of inner Earth were deduced from studying seismic waves
transmitted from natural (passive: earthquakes) and human made sources (controlled-
source: explosions, airgun shots). Seismic surveys reveal the distribution of seismic

velocities and interfaces between rock units (Levander et al., 2010).

Seismic Wave Velocities

Generally the seismic velocities (V}, - compressional-wave velocity, V; - shear-wave veloc-

ity) depend on the elastic moduli and density of the rock:

K +4/3u _ e
Vo= | vs—ﬁ (2.1)

where K is the bulk modulus (=1/compressibility), p is the shear modulus and p is the
density (Mavko et al., 2009).

Empirical ranges of compressional or P-wave velocities through different lithologies have
been investigated by numerous authors (e.g. Christensen and Mooney, 1995; Birch, 1966;
Sheriff and Geldart, 1982; Bourbié et al., 1987) and are summarized in Fig. 2.1.
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Pyroxenite,
. . - Eclogite, Dunite
from Christensen and Mooney, 1995 Gneiss -Diorite -
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FIGURE 2.1: Average seismic velocities of different rock types, modified after Sheriff
and Geldart (1982); Bourbié et al. (1987); Christensen and Mooney (1995)

Ray Theory

When a seismic ray strikes an interface between two rocks (marking a change in seismic
velocity), Snell’s law describes the relationship between the seismic ray path and the

seismic velocities of the layers (Fig. 2.2):

. . . ./

S Sinae

T oy (2.2)
(%1 V2

where 7 is the angle of the incident and reflected wave, i’ the angle of the refracted wave,
vy is the velocity in the layer in which the wave is incident and reflected and wvg is the
velocity in the layer in which the wave is refracted. p is called the seismic parameter,

ray parameter or horizontal slowness (Lay and Wallace, 1995).

The geometry of the seismic source, subsurface structure and receiver location define the
seismic ray paths through the inner Earth. Exemplified by a two layer medium (Fig. 2.2)
where vo > vy, three types of seismic rays are observed at the surface (Lay and Wallace,

1995):
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22

FIGURE 2.2: Schematic sketch showing the principles of Snell’s Law

e the direct wave (blue line in Fig. 2.3), propagates along the atmosphere-upper

layer boundary and its travel time is given by

where X is the distance.

the reflected wave (green line in Fig. 2.3), the travel time of which is given by

2h1
COS 7 * V1

T’/‘efl = (24.)

where hi is the thickness of the upper layer.

the head wave (red line in Fig. 2.3). Assuming vy > v1 and ¢/ — 90°, Snell’s law

predicts a so called critical refraction.

sin 4, _ sin 90° (2.5)
U1 V2

where the incident angle (i) is equal to the critical angle i.. In this case the
refracted wave travels as a head wave horizontally immediately below the layer

boundary (see Fig. 2.3; Lay and Wallace, 1995). The critical angle is defined as
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i = sin~ vy Jvg) (2.6)

The travel time of the head wave is given by

T 2h1
Trefr =—+

_ (2.7)
Vg  COSig * U1

where 7 is the traveled distance of the refracted wave along the layer boundary and

i. the critical angle. The intercept time 7g is given by

2h v?
To=""x1--L (2.8)
2
f= 5 0
3
)
AL
6“4 ‘(\ead s\
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&
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FIGURE 2.3: Traveltime curve and seismic phases and ray paths

As shown in Fig. 2.3 different types of seismic phases occur which provide different types
of information about the subsurface. Reflected seismic waves are particularly used for
imaging the subsurface in terms of contrasts in seismic impedance, the product of seismic
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velocity v and density p (see Eq. 2.26). Thus the reflected wavefield is directly used to

form an image of the reflectivity structure of the subsurface (Levander et al., 2010).

In contrast to this, wide-angle methods rely on the identification of first arriving re-
fracted waves (measuring the traveltime) which gives direct evidence for seismic velocities
and layer thicknesses. Subsequently this information is used to derive a velocity model

of the subsurface.

The two conventional controlled-source methods lead to two different end members

(Levander et al., 2010):

o reflected data provide a high-resolution structural image,

e whereas wide-angle data provide a lower-resolution velocity model.

The following chapter presents the methods which were used to obtain a P-wave velocity
model of the subsurface. Figure 2.4 shows a simplified workflow from the raw data to

the P-wave velocity model using

a) the method of inverting the data, which is used in this study to produce the later-
ally heterogeneous P-wave velocity model (traveltime tomography) beneath

Cyprus and offshore south of Cyprus and

b) the method of manual fitting of the data to obtain a layered P-wave velocity

model (trial-and-error forward modelling) beneath South Turkey.

2.2 Model Parameterization

As shown in Fig. 2.4 the model parameterization is part of both methods, the trial-and-

error forward modelling (chapter 2.3) and the traveltime tomography (chapter 2.4).

Velocity variations may be defined by a set of interfaces whose geometry is varied to
satisfy the data, a set of constant velocity blocks (Fig. 2.5a) or nodes with a specified
interpolation function (Fig. 2.5b), or a combination of velocity and interface parameters

(Rawlinson, 2000).
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Raw data

(see chapter 3.1)

Pre-processing (see chapter 3.2):
Frequency analysis, Filtering (BP 3-9 Hz)
OBS/H relocation, Geometry editing

Rayinv (by J.
Mechie)
Traveltime Picking
(see chapter 3.3)

Tomograph Trial-and-Error
(method introduced in chapter 2.4) Model parameterisation: Foward modelling
The seismic structure of the subsurface is defined by a set of
model parameters. An initial estimate of model parameter
values is specified (e.g. P-wave velocity initial model).

Forward calculation (see chapter 2.3):
A procedure is defined for the calculation of model data (e.g. traveltimes) given a set of
values for the model parameters.
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FIGURE 2.4: Wide-angle seismic data workflow

In this study the velocity distribution is described by irregular blocks or grid nodes
following the method of Cerveny et al. (1977) (rectangular blocks) which is similar to
the method of Zelt and Smith (1992) (trapezoidal blocks). In the method of Zelt and
Smith (1992), the velocity field is discretised into a series of trapezoidal blocks, with four
corner vertices used to specify the velocity within the block (see Fig. 2.5d). The P-wave

velocity v, within each trapezoid is given by Zelt and Smith (1992):
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FiGcure 2.5: Different types of velocity parameterisation (after Rawlinson, 2000): (a)

constant velocity blocks, (b) a grid of velocity nodes, (c¢) triangulated velocity grid

designed for constant velocity gradient cells (after White, 1989), (d) velocity defined

by a trapezoidal block (after Zelt and Smith, 1992). The four corner vertices labelled

v1 to vy define the velocity within the block. If adjacent nodes in vertically adjacent

blocks are the same, velocity will be vertically continuous. If not, then a sub-horizontal
interface will be defined

c1xr + czmQ +c3z +cqxz + ¢
cex + c7

vp(x, 2) = (2.9)
where the coefficients ¢; are linear combinations of the corner velocities v; (Zelt and
Smith, 1992). If instead of trapezoids, rectangles are used as in the case of the method
of Cerveny et al. (1977), then equation 2.9 is somehwat simplified as s; and s (see
Fig. 2.5(d)) are zero and consequently c2 and ¢ (see Eq. 2.9) are zero too. Due to
the flexibility of this technique a velocity structure with or without layering can be
represented. If layers are present, it is possible for the velocity within the layers to vary

arbitrarily.
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2.3 Forward Modelling

The calculation of ray traveltimes between known end points (source and receiver)
through a given velocity structure is often called the forward problem or forward mod-

elling (Rawlinson and Sambridge, 2003).

The traveltime of a seismic wave along a ray path L is given by the integral for a

continuous velocity field v(z, z) as

1
t:/Lv(:L',z)dl (2.10)

where di is the differential path length (Zelt and Smith, 1992).

In the ray theory, kinematic wave propagation is described by the eikonal equation

(VT)? = s (2.11)

where s(x) is the slowness of the medium (1/v) and ¢(z) represents the arrival time
of a wavefront at point z (Podvin and Lecomte, 1991). The eikonal equation is an
approximation of the wave equation that assumes seismic wavelengths are small compared
to the fractional change in velocity gradient in the medium (Lay and Wallace, 1995).

Thus the eikonal equation is a high-frequency approximation of the wave equation.

Two classical, ray-based approaches to determine ray traveltimes are the shooting (e.g.
Zelt and Smith, 1992) and bending method (Julian and Gubbins; 1977 Um and Thurber
1987). In practice, shooting methods are more efficient and sufficiently robust for 2-D

models, whereas bending methods are favored for 3-D models (Levander et al., 2010).

In the late 1980s a new forward modelling approach was introduced in which first-arrival
traveltimes are calculated on a fine grid using a finite-difference solution of the eikonal
equation (Vidale, 1988; Podvin and Lecomte, 1991; Schneider et al., 1992). This method
has become very popular and is collectively known as the wavefront tracking method or
eikonal solver (Levander et al., 2010). The scheme is based on a progressive integration

of the traveltimes along an expanding square grid of velocity nodes in 2-D.

The propagation of two-dimensional wavefronts is defined by the 2-D eikonal equation
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where s(x, z) is the slowness field and T'(x, z) is the traveltime of a propagating wave

(Vidale, 1988).

The method of Vidale (1988) is formulated for a structure defined by a square grid of
velocity points (see Fig. 2.6). Assuming A is the source point, the traveltime of the four

points adjacent to the source (B; — By) is given by

h
tp, :t0+§(53i+314) (2.13)

where h is the mesh spacing, s4 the slowness at the point A, and sp, is the slowness at
the grid point B;. tg gives the traveltime at point A. For the initial calculation, tg is
zero since it is the traveltime of the source grid point (A), but in general ¢y is not zero

and A is not restricted to be the source point (Vidale, 1988).

h

M

o @@
>
o e 0

FIGURE 2.6: Square grid of velocity nodes used by the method of Vidale (1988), A is
the source grid point and h is the mesh spacing.

Once the traveltimes tp; and tpo are known, the traveltime for the grid node Cj is
determined from the eikonal equation by approximating the two differential terms in

Equation 2.12 with finite differences as
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ot 1

Iz = % (to+tB, —tB, —tcy) (2.14)
and

ot 1

9 = oh (to+tp, —tB, —tcy) (2.15)

Substituting equations 2.14 and 2.15 into equation 2.12, the traveltime to point C'; can

be written as

tey = to+\/2(hs)? — (ts, — t5,)? (2.16)

With this scheme it is possible to calculate the traveltimes to all corner grid nodes
(Ci). Equation 2.16 gives the traveltime to point Cp using the traveltime from the
source to the points A (ty), B1 (tp,) and By (tp,) in a plane wave approximation,
where the point A does not need to be the source point. This approximation will be
most accurate for nearly flat wavefronts. For strongly curved wavefronts Vidale (1988)
approximates the traveltimes assuming locally circular wavefronts. Following a specified
scheme described by Vidale (1988) the square where traveltimes are already calculated
(Fig. 2.6) is extended by a ring of grid nodes where the traveltimes are unknown (a 3x3

grid becomes a 5x5 grid).

The basic scheme proposed by Vidale (1988, 1990) remains popular and has been im-
proved by several authors (Hole and Zelt, 1995; Koketsu et al., 2000; Podvin and Lecomte,
1991; van Trier and Symes, 1991; Schneider et al., 1992).

The advantage of finite-difference methods is that they find the fastest ray between any
two points, including the diffracted path in the case of a geometrical shadow zone, and

they can be very efficient, especially for 3-D (Levander et al., 2010).

With the method of forward modelling, the velocity and interface structure of the sub-
surface can be revealed by the so called trial-and-error forward modelling. This scheme
involves a manual, iterative adjustment of the calculated traveltimes to fit the observed
traveltimes. This procedure was performed for the onshore part (S. Turkey - Cyprus) of
the wide-angle profile (see Fig. 2.4 and Chapter 4.2).
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2.4 Traveltime Tomography / Inversion

Controlled-source seismic tomography is nowadays a widely used technique for investi-
gating the Earth’s crust and lithosphere. There are two main types of seismic data which
can be inverted: traveltime data (Hole et al., 1992; Zelt and Barton, 1998; Zelt, 1999;
Improta et al., 2002; Hobro et al., 2003) and waveform data (Tarantola, 1984; Pratt
et al., 1996; Ravaut et al., 2004). Traveltime tomography is typically much more robust,
easier to implement, and computationally much cheaper, whereas waveform tomography
reconstructs the Earth’s velocity structure with much higher resolution. Nevertheless
the inversion of seismic traveltime data is the primary technique to achieve a reliable

and smooth velocity model of the Earth (Tikhotsky and Achauer, 2008).

Traveltime tomography is the main method by which the Earth’s seismic velocity struc-
ture is determined on all scales, from the upper few meters to the whole mantle. It
was adapted from algorithms used in medical imaging in the 1970s (Dziewonski and
Anderson, 1984). The word tomography literally means slice picture (from the Greek
word tomos meaning slice) and was first used in medical imaging to describe the process
of mapping the internal density distribution of the human body using x-rays (Lee and

Pereyra, 1993).

The advantages of inversion compared to trial-and-error forward modelling includes

1.) providing estimates of model non-uniqueness by exploring model structure thor-
oughly to better understand what structure is required by the data and what

structure is consistent with the data,
2.) resolving small scale structures,
3.) quantifing model errors and resolution,

4.) handling larger datasets.

Following the ray-tracing described in chapter 2.3 a 2-D traveltime inversion (Zelt and
Smith, 1992; Zelt and Barton, 1998) is performed to determine the velocity model, in-
cluding the uncertainty and resolution of the estimated parameters. With, for example,
the Zelt and Smith (1992) algorithm an irregular grid of velocity and interface nodes can
be used, and any type of refracted or reflected arrival can be inverted simultaneously
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for velocity and interface geometry. Today, this type of 2-D and 3-D traveltime inver-
sion and tomography are the central analysis methods applied to crustal wide-angle data

(Levander et al., 2010).

Formulation

If some elastic properties of the subsurface (e.g. velocity structure) are represented by
a set of model parameters m, then a set of data (e.g. traveltimes) d can be predicted
for a given source-receiver array by line integration through the model. The relationship

between data and model parameters

d=g(m) (2.17)

where g(m) is the model prediction, forms the basis of any tomographic model.

As schematically shown in figure 2.4 the main parts of a seismic tomography workflow

are

e Model parameterization: Based on the fundamental relationship between pre-
dicted data and model parameters (Eq. 2.17) it is necessary to represent variations
in subsurface structure by a set of model parameters m (e.g. seismic velocities) to

compute the model predictions g(m) (introduced in Chapter 2.3).

e Forward calculation (see chapter 2.3): prediction of model data d (e.g. travel-

times) for the given model parameters

e Inversion: Automated adjustment of the model parameters m to minimize misfit

between model data d and the observed data

e Error Analysis: investigate solution robustness

Three basic approaches of tomography are defined (Rawlinson and Sambridge, 2003) as

e linear tomography: the relationship between traveltime residual and velocity
perturbation is linearized about a reference model. Ray paths are determined once
and are not re-traced
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e iterative non-linear tomography: this is also a linearization, but accounts for
the non-linearity (ray path dependence on the velocity correction) of the problem
by iteratively applying corrections and re-tracing rays until the data are satisfied,

or the rate of data fit improvement per iteration satisfies a given tolerance.

e fully non-linear tomography: locates a solution without relying on linearization

in any way, but is rarely done in practice.

Consequently the tomography technique introduced and applied in this study is defined

as an iterative non-linear tomography.

Inversion

The inverse step involves the adjustment of the model parameters m to satisfy the ob-

served data dyps through the known relationship (Eq. 2.17).

The discrete form of equation 2.10

n

Li
t= — 2.18
> (2.18)
=1
is used in practical applications, where [; and v; are the path length and velocity of
the ith ray segment, respectively. Therefore traveltime is a linear combination of slow-
ness, whereas traveltime inversion is a non-linear problem since the ray path is velocity

dependent (Zelt and Smith, 1992).

The linearized equation based on the assumption of neglecting higher-order terms is

d=Gm (2.19)

where d is the traveltime residual vector, m is the model update parameter adjustment

vector (e.g. velocity nodes, interface depths) and G is the partial derivative matrix.

The matrix of partial derivatives contains the elements 8(%

mi]»’ where t; is the ¢th observed
traveltime and m; is the jth model parameter selected for inversion, either a velocity

value or the z coordinate of a boundary node (Zelt and Smith, 1992). The dimension
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of G is defined by MxN where M is the number of data (e.g. seismic rays) and N is
the number of model parameters (e.g. slowness nodes). The partial derivative of the jth

velocity value is defined (see e.g. Zelt and Smith, 1992) as

ot —/ L%, (2.20)
L

0. T2 Oy
v v? Ov;

The partial derivatives associated with the boundary nodes are shown in the Appendix
of Zelt and Smith (1992). The partial derivatives are generally calculated during the

forward-modelling step, as a by-product of the ray-tracing.

To solve the inverse problem a full-matrix inversion is applied by performing a Gaussian

elimination. The damped least-squares (DLS) solution can be written as

m = (GTC;'G+ pC;) T GTC N (2.21)

where D is an overall damping factor and Cy and C,, are the estimated data and model

covariance matrices given by

Cq = diag {03}, Cp, = diag {031} (2.22)

After ray tracing, the parameter adjustment vector m is solved for and applied to the
current model, after which rays are traced through the updated model. This procedure is
repeated until a satisfactory fit to the observed data is achieved or a prescribed stopping

criterion is satisfied (Zelt and Smith, 1992).

Error Analysis

A statistical analysis is carried out in order to quantify model errors.

The correction vector is calculated based on the damped least squares inversion and the
model is updated iteratively until the difference between the calculated model response

and the data is minimized. This difference is represented by the Root Mean Square
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(RMS) traveltime residual and the traveltime misfit x? (chi-square), which should have
a value of almost one. This value indicates the capability of the data to resolve small-
scale heterogeneities within the model. Other factors that may contribute to a final x?
value greater than one are (1) significant out-of-plane structural and velocity variations,
(2) deviations of the shot-receiver geometry from a straight line, (3) some of the picks
identified as P, arrivals were non-geometrical arrivals (i.e. they were diffractions associ-
ated with a shadow zone or low-velocity body), and (4) the errors in the traveltime data

were significantly under-estimated (Zelt and Smith, 1992).

The chi-squared statistic is defined as

= ﬁ; (fj>2 (2.23)

where R; is the traveltime residual and o the traveltime uncertainty. The traveltime

residual is defined as

Rj = At =d; — F; (2.24)

where d; is the data ("observed mean"), Fj is the model ("predicted mean").

The reduced chi-square statistic is defined as

X2 = (2.25)

where N is the number of observations (number of rays).

2.5 Synthetic Seismogram Computation

During the forward modelling by ray tracing, theoretical travel times are calculated based
on the derived velocity model. These traveltimes are later displayed with the recorded
data and the observed or picked travel times. With this method it is possible to directly
compare the resulting traveltimes of the real velocity model and the derived velocity

model and to perform a subsequent estimation of the misfit between both velocity models
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Synthetic Seismogram Computation

for each record section. To enhance this misfit estimation and to extract more information
from the data, it is necessary not just to compare travel times but also to use the
amplitudes of the phase arrivals. For this reason theoretical seismograms were calculated
using the finite-differencies method which is introduced in the following section. Based
on these synthetic seismograms it is now possible to compare traveltimes in combination
with the amplitude of the wavelet which leads to a much more comprehensive estimation

of the misfit between the real and derived velocity structure.

As shown by Sheriff (1975) propagation of seismic energy in the Earth is a complex
phenomenon. Nevertheless one major factor which affects directly the amplitude of the

seismic wave is the reflection coefficient defined as

_ Vepa = Vpr Al — AL (2.26)
© Vpp2 + Vit AL+ AL '

where AT is the acoustic impedance defined by the product of seismic velocity V' and bulk
density p (Sheriff, 1975). The numbers 1 and 2 of equation 2.26 refer to the upper and
lower layer, respectively (as shown in Fig. 2.3). Effectively, the amount of reflected energy
determines how much energy can be transmitted through a section. The transmitted

energy is described by the transmission coefficient T (Simm and Bacon, 2014)

2AL

=——"- 2.2
Al + AL ( 7)

With this relationship it is shown that less energy is transmitted through a boundary
with high acoustic impedance contrast, which leads to an observed higher amplitude of
the reflected seismic wave. Adjusting the velocity contrast at layer boundaries is one
of the main approaches to minimize the misfit between the observed and theoretical

amplitudes of the seismic phases.

To compute synthetic seismograms in this study the finite-difference (FD) method in-
troduced by Kelly et al. (1976) is applied. This method propagates complete sesimic
wave fields through a two-dimensional grid with arbitrarily complex variations in mate-
rial properties. It produces synthetic seismograms for any point on the grid and includes
direct waves, all primary and mulitply reflected waves, surface waves, head waves, con-

verted waves, diffractions and critically refracted waves.
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The finite-difference technique not only provides reliable arrival times, but also accounts
for the variations in signal amplitude with subsurface elastic impedance contrast and

range (Kelly et al., 1976).

The FD method uses the computer power to solve the wave equation over a discrete
set of grid points or model parameters. The FD calculation could be parallelized very

efficiently, taking advantage of the large number of modern CPUs (Ryberg et al., 2000).

The elastic wave equation describes the temporal and spatial development of the wave
field in an elastic solid body for the vertical (U) and horizontal (W) component (Kelly
et al., 1976) :

0*U 0 ou ow oU 0 ow  oU
Paﬂ—ax[A<ax+a>+2“ax+a( e a)] (2.28)
*wW 0 ou ow ow 0 ow  oU

P = 5 {A (ax * a> Tt e (”ax * a)] (2:29)

where 1 and A are the elastic constants, which describe the elastic properties of the
model and p is the density. To solve the equations 2.28 and 2.29 numerically, the partial

derivatives are replaced by their finite difference equivalents (Ryberg et al., 2006) :

1 -1
Ut = F (U2 U2 Ul o Ul Wik ) (2:30)
where Ul-’}j represents the vertical component for the n-th time step at the location i, j
and F'is a simple linear function of their arguments with coefficients which depend on
the local value of p and A. Equation 2.30 gives the rule to calculate the n + 1 time step
of U;; from its past values U;"; and U[fj_l and from the spatial neighbors U/, ;,; and

Wi, 41 A similar sheme is defined for Wi’?j’q

1 —1
Wi = B (W W Wiy, Wik, Ul i) (2.31)

2,79 7 7

Both equations 2.30 and 2.31 can easily and efficiently be calculated on a parallel com-

puter system (Ryberg et al., 2006).
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Seismic Data and Processing

3.1 Data Acquisition

The data were collected along a 650 km long N-S trending amphibian profile, running
from the Tuz Golii basin in the north to the Eratosthenes Seamount (ESM) in the
south, crossing Cyprus (Fig. 3.1(a)). The profile consists of an offshore part (South
of Cyprus, ESM) and an onshore part (Cyprus, South Turkey). The offshore and the
onshore survey were performed at the same time to achieve an amphibian connection
between both parts. The airgun shots of the offshore survey were also recorded by the

stations onshore Cyprus.

Offshore

The offshore wide-angle data were acquired with the research vessel Maria S. Merian
during the cruise MSM14 leg 3 during the period from 12.03.2010 to 05.04.2010. Besides
shallow reflection seismic, magnetic, magnetotelluric, gravity and hydroacoustic mea-
surements this survey involves four wide-angle reflection / refraction profiles (WARRPS)
where the WARRP 27 is the offshore part of the amphibian profile presented in this

study (station location is shown in Fig. 3.1(a) and Table A).

For data recording 34 ocean bottom seismometers (OBS) and hydrophones (OBH) were
deployed. 19 of these were Canadian ocean bottom seismometers from Dalhousie Uni-

versity. The sensors comprise a 3-component 4.5 Hz geophone and an OAS E-2SD
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32

(a) Stationmap (b) Field work

FIGURE 3.1: (a) Map view of stations (red triangles) and land shots (white stars),
where the dashed black line is the defined profile line and (b) pictures of field work.
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Data Acquisition

hydrophone. The other 15 stations (10 OBS and 5 OBH) were German instruments con-
sisting of LE-1D/V seismometers, HTI-04-PCA /ULF hydrophones and a Geolon MLS
data logger. Accurate time is ensured by synchronizing the internal clock with the GPS
time signal before deploying and after recovery and an elimination of the linear time shift

if necessary.

6 BOLT airguns (2 x 700 in3, 2x 1000 in® and 2 x 1900 in?) with a total volume of
120 liters were used as the seismic source. The survey geometry set-up is shown in
Fig. 3.2. The air guns were shot directly along the profile where the stations were
deployed previously. Shots were fired at a pressure of 120 bar with a shot interval of
60 s, resulting in a shot distance of approximately 120 m at a ship’s speed of 4 kn
over ground. Synchronization and triggering were done by the SureShot trigger system

(Hiibscher, 2012).

GPS antenna

® towing depths:
Bolt Gun beam: 12m
32| Bolt Guns: 9 m
€ .
- height (over water):
o
GPS antenna: ~16 m
working deck: 3.7 m
= € compressor
8 o
o S §
S)
Q c ‘g
<| pulse 2
container
working
deck
11m 13 m
BoltGun 321 gt Gun (700in%) Bolt Gun (700in’) Bolt Gun 321
4m
Bolt Gun (1000in°) Bolt Gun (1000in®)

FIGURE 3.2: Schematic sketch showing the survey geometry for wide-angle profile
WARRP27 (after Hiibscher, 2012)
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After shooting, all deployed ocean bottom instruments were recovered by submitting an
acoustic release signal by a 12.5 kH z transducer. The uplift of the stations was ensured
by glass spheres for buoyancy (orange buoyancy chamber in Fig. 3.1(b)). Due to technical

problems station 15 recorded no data and was rejected from further processing.

TABLE 3.1: Summary of the wide-angle survey (offshore part)

source 1520 airgun shots (Bolt airguns, total volume 120 1)
receiver 34 ocean bottom seismometers and hydrophones
instrumentation 3-component 4.5 Hz geophone, LE-1D/V seismometer and
hydrophones

sampling rate OBH = 50 sps , OBS = 200 / 250 sps
shot spacing 120 m (every 60 seconds)
receiver spacing ~ 5 km

Onshore

During the period from 23.03.2010 to 06.04.2010 246 land stations were deployed. 50
stations (station numbers C201 to C250) were deployed on Cyprus and 196 in south
Turkey (T1 - T185, T187-T196 and T256 which has the same location as T56). All

station locations, including elevations and sampling rates are shown in Table A.

102 stations were equipped with an Earth Data Logger (EDL) and a 3 channel Mark
1 Hz seismometer or 3 channel 4.5 Hz geophone. 84 stations consisted of a DSS Cube
data logger and a 1 channel 4.5 Hz Geophone. This instrumentation was provided by the
Geophysical Instrument Pool Potsdam, GIPP (instrumentation and deployment shown
in Fig. 3.1(b)). 60 stations were REFTEK Texan instruments from Bogazici University
in Istanbul (shown by "tXXXX" as station type in Table A). The exact time for the
recordings is transmitted by an internal GPS for the Cube and EDL stations. Due to the
fact that the Reftek Texans have no internal GPS, they are synchronized before and after
the deployment to GPS, as for the offshore stations, and then a linear drift correction is
applied. Due to political reasons it was not possible to deploy stations in the Turkish

part of Cyprus (northern part).

The average station spacing in Turkey was about 1.25 km and about 0.9 km in Cyprus.
The EDL and Cube stations recorded the data with a sampling rate of 100 sps. The
Texans instruments recorded the data at 125 sps. Due to technical problems station

C221 recorded no data.
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The seismic sources on land were two land shots each of 1125 kg seismic dynamite

(locations shown as white stars in Fig. 3.1(a), T2001: southern land shot and T2002:

northern land shot). Each shotpoint consisted of two boreholes with a depth of ~ 52 m

and a diameter of 32 em.

TABLE 3.2: Summary of the wide angle survey (onshore part)

source 2 land shots (seismic dynamite, each 1125 kg)
receiver 246 land stations (196 in S. Turkey and 50 in Cyprus)
instrumentation 1 ch 4.5 Hz geophone, 3 ch 1 Hz Mark seismometer or 3 ch

4.5 Hz geophone, Cube, EDL and REFTEK Texan as data
logger

sampling rate

100 sps

receiver spacing

~ 1.25 km (Turkey) and ~ 0.9 km (Cyprus)

3.2 Data Preparation and Processing

The seismic data were processed with the seismic processing software Landmark ProMAX

R5000. The data are stored in SEG-Y format. The processing of the data includes

e Visualization and examination of the data and meta-data.

e The exact location of each offshore receiver (OBS/OBH station) is determined

based on the very first arrivals.

e The offsets of the traces are split into positive (to the south) and negative (to the

north) values.

e For the ocean bottom seismometers the recordings of the hydrophone and Z-

component of the seismometer are visually compared and the channel with the

lower noise level is chosen for the further processing. In most cases this is the

Z-component of the seismometer (see Table A).

e Water depths are added to the trace headers.
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e For each trace an uncertainty is calculated based on the signal to noise ratio (S/N

ratio). For the calculation of uncertainties an empirical relationship is defined:

S/IN <1 = error =02s (3.1)
4 > S/N >1 = error = [‘5?/]2\]] 5 (3.2)
S/N > 4 = error = 0.05s (3.3)

e For the offshore stations and the stations on Cyprus an automatic gain correction
(AGC) with an operator length of 5000 ms is applied, which automatically varies
the gain applied to trace samples as a function of sample amplitude within an AGC

time window.

e The amphibious profile line is defined for 2-D modelling. Based on the receiver
locations the line is fitted by eye. The locations of receivers and land shots are
projected onto this line and the distances of receiver and land shot locations from
the northern end of the profile line is calculated (line is shown in Fig. 3.1(a) as a
grey dashed line). Based on the geometry of the receivers and land shots the line
is divided into two parts, namely a northern part for the onshore stations (Turkey
to southern coast of Cyprus) and a southern part for the offshore stations (south

of Cyprus). The line is defined by three coordinates:

TABLE 3.3: Coordinates of profile line

lon |°] lat [°] distance from northern end |km)|
northern point || 33.47054382 | 38.78115193 0
middle point 32.94935194 | 34.65560303 460
southern point || 32.57986184 | 32.96995052 650

Frequency Analysis

To reveal the dominant frequency content of the main signal, a frequency analysis was
performed. The frequency content of all stations was analyzed by an interactive spectral
analysis, which uses the Fourier Transform to compute and display the average power
spectrum for an interactively selected subset of traces. Figures 3.3 and 3.4 show the
frequency content of an OBS, exemplified by OBS03 and of an OBH, exemplified by
OBH23, respectively.
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FI1GURE 3.4: Frequency content of the OBH23

The analysis shows that the main content of the source signal is located in the frequency
range of 3 to 9 Hz (marked in Fig. 3.3 and 3.4). The following frequency peaks (10,
15 and 20 Hz) are most likely due to the bubble pulse (oscillation) of the air gun source
(Parkes and Hatton, 1986). The different frequency range of the OBS and OBH is
explained by the different sampling rate of both instruments (250 sps and 50 sps). The

frequency analysis shows the same result with the onshore stations on Cyprus.

Due to interfering frequencies recorded by the stations onshore Turkey a classical fre-
quency analysis turned out to be difficult with the land shot data. Instead a set of filters
with different frequency bands were applied to the data which is subsequently checked
by eye. A bandpass filter with the frequency band of 4 — 8 Hz showed the highest
signal to noise ratio and therefore is chosen as the filter for further processing of the land

shot data.

Filtering

After obtaining a main frequency of 3 to 9 Hz for the offshore / on-offshore data and

4 to 8 Hz for the onshore data, the data are ready to be filtered to remove unwanted
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frequencies (noise) and to improve the clarity of the display. For all wide-angle data a

Butterworth bandpass filter was applied.

The Butterworth filter is defined by the frequencies at which the amplitude is down by
3 dB (70% or half power) and by the slope of the cutoff (Fig. 3.5, Telford et al. 1990).

The slopes are specified in decibels per octave, where an octave corresponds to a change

/ \ 0dB
-3 dB

in frequency by a factor of two.

fi fy fy

FI1GURE 3.5: Butterworth bandpass filter

The parameters for the applied zero-phase bandpass filter were a 3 to 9 Hz pass-band
(3 and 9 Hz represent the —3 dB points of the amplitude spectrum) for the offshore /
on-offshore data and a 4 to 8 Hz pass-band for the onshore data with a 20 db/octave

low and high roll-off (slopes).

3.3 Traveltime Picking

After processing the data all visible arrivals of the airgun shots recorded by the offshore
stations and stations on Cyprus (common receiver gathers, Figs. 3.7 to 3.12) were
manually picked. The same procedure was performed for the land shots recorded by the
land stations (common shot gathers, Figs. 3.13 to 3.16). The picked phases potentially

include all refracted and reflected P-waves, especially the Pgl, PmP? and P,? phases.

Lcrustal refracted phase

%reflected phase at crust-mantle boundary (Moho)
3mantle refracted phase
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Offshore and On-Offshore

The offshore and on-offshore data (airgun shots recorded by the Cyprus stations) show
a good data quality with a clear onset of the first arrival almost along the whole offshore
part (190 km, see Fig. 3.7). On the recordings of the station onshore Cyprus an area
with low S/N ratio of the first arrival between 70 and 130 km offset is observed (red
dashed area in Fig. 3.11). In this segment it was not possible to pick a clear first arrival
at some stations. Note that on the seismogram section of OBS02 (red dashed area in

Fig. 3.7) a similar feature is observed for the same area.

Stations C222 and C241 show very noisy data along the whole profile, so no first arrivals
were picked. C221 had technical problems and recorded no data. Thus, finally 47 of the
50 stations were appropriate for picking first arrival times and were therefore used for

the subsequent crustal modeling.

For the onshore and on-offshore parts 51880 first arrival travel times from 80 stations
(black picks in Fig. 3.6) were picked and used as the input data for the inversion. In
addition at some stations a second arrival was picked, which was used for modeling a

crustal reflection (red picks in Fig. 3.6).

Table A shows for every station (onshore and on-offshore data) the channel which was
used for picking (Z-component of the seismometer or hydrophone) and the offset range

where a first break was visible and picked.

Time-Distance/8.0 [s]
a o
| | |

g4 -
3 g
2
1 7 Cyprus stations
0 7 259 222 28 226 252473 22 2120 10 18

400 420 440 460 480 500 520 540 560 580 600 620 640
Distance [km]

FIGURE 3.6: All picked first arrivals (black dots) and second arrivals (red dots) for the
onshore and on-offshore parts of the profile. Red triangles are stations. Traveltime is
reduced by 8 km/s
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Onshore

The recordings of both land shots (T2001 and T2002) show a good data quality. The
southern land shot has a good S/N ratio till about 200 km to the north. The southern
land shot was also recorded on the Cyprus stations (Fig. 3.13). Although there is a high
noise level at these recordings, it was possible to pick several phases (refractions and
reflections, see Fig. 3.14). The northern land shot (T2002) shows a clear onset along
the whole 300 km of the profile in Turkey (Fig. 3.15). In the seismogram section of the
northern land shot an area with low energy on the first arrival is observed compared to
later phases (red dashed area in Fig. 3.15). For the determination of the layered P-wave
velocity model 201 first arrival times were picked (Figs. 3.13 to 3.16) and used for further

analysis.

3.4 Data Examples

In the following section some seismogram sections are shown from the offshore part
(OBS02, OBS17), from Cyprus (C229) and both land shots (T2001 and T2002). Each
seismogram section is shown filtered without picked data and with picked first arrivals.

All shown seismogram sections are reduced by 8 km/s.
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FIGURE 3.7: Seismic section of OBS02, band-pass filtered from 3 — 9 Hz and with an

AGC applied (time window length: 5000 ms), where the red dashed ellipse shows area

with low S/N ratio and no clear first arrival energy (compare to data example from

station C229, Fig. 3.11). Inlay shows position of OBS02 (big red triangle) along the
offshore profile. ESM = Eratosthenes Seamount

Cinzance [winj OBEDE  Channsl_2_[Z_Camg,)

FIGURE 3.8: Seismic section of OBS02 with picked first arrivals (red dots with black
outline). Green dashed ellipse marks the picked second arrivals, later used for modelling
the upper crustal reflection
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FIGURE 3.11: Seismic section of station C229 on Cyprus, band-pass filtered from

3 — 9 Hz and with an AGC applied (time window length: 5000 ms). Inlay shows

location of station C229 (big red triangle) on Cyprus. Red dashed ellipse shows area of

low S/N ratio and no clear first arrival energy (compare to data example from OBS02,
Fig. 3.7)

FIGURE 3.12: Seismic section of station C229 with picked first arrivals (red dots with
black outline).
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FIGURE 3.15: Seismic section of northern land shot in Turkey, band-pass filtered from
4 — 8 Hz. Inlay shows location of northern land shot (big yellow star). Red dashed
ellipse shows area of low energy of first arrivals compared to later arrivals.
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Chapter 4

Crustal Modelling and Results

After picking the arrival times the next and essential part of the analysis is the develop-
ment of a P-wave velocity model. The arrival times are picked in the data and exported
in tables including the corresponding pick uncertainty. Since the modelling procedure is
divided into two parts, the tomographic and layered velocity model (shown in Fig. 2.4),
the results presented and discussed in this chapter follow this classification. Based on the
combination of both velocity models revealed by the wide-angle seismic data a density
model was built and theoretical gravity data calculated from this model were compared
with a compiled gravity data set. In chronological order the modelling procedure involves

the following steps:

e Inversion of the offshore data for a tomographic P-wave velocity model.

e Modelling of the onshore data (land shots) for a layered P-wave velocity model

including the velocity structure beneath Cyprus.

e Extension of the offshore data with the on-offshore data (airgun shots recorded by
the Cyprus stations), building an initial model for Cyprus based on the layered
velocity model and inversion for a P-wave velocity model for the amphibian part

(Cyprus - ESM).

e Transforming the P-wave velocity model (both layered and tomographic) to a grav-
ity model and comparing the calculated gravity values with the measured gravity

values.
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Tomographic Velocity Model

e Simultaneous modification and adjustment of the gravity model, tomographic P-
wave velocity model and layered P-wave velocity model till all geophysical data fit

to one consistent crustal model.

Both the P-wave velocity model and the gravity model cross-section are defined along the
transect shown in Fig. 1.3 (red line). A combined analysis of both geophysical methods

leads to a geological interpretation and reveals the crustal structure of the transect.

4.1 Tomographic Velocity Model

4.1.1 1-D start model

Based on all picked first arrivals at the offshore stations a 1-D initial P-wave velocity
model is estimated. Figure 4.1 shows all picked first arrivals times plotted against the
distance. A polynomial function is fitted to these data (red line in Fig. 4.1) which is
used to estimate an initial 1-D P-wave velocity model. A Moho at 27 km depth (Makris
et al., 1983) is added to the estimated 1-D velocity model (Fig. 4.2). Table 4.1 shows

the derived 1-D velocity model for the offshore part of the profile.

—
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FIGURE 4.1: All picked first arrival times (reduced by 8 km/s) and a best fit line (red
line) which is used for estimating the inital 1-D velocity model.
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0 +H—~—— 11X TABLE 4.1: Initial 1-D P-wave velocity
model used in this study.
10 - B P-wave velocity [km/s|] | depth [km]
1.43 0
2.57 2
3.71 4
= 20 -
= 4.86 6
= 6.0 8
Q.
3 30 - i 6.048 10
6.096 12
6.144 14
6.195 16
40 -
6.246 18
6.297 20
6.348 22
50 — T T T T
0 2 4 6 8 10 6399 2
P-wave velocity [km/s] 6.45 26
6.45 27
FIGURE 4.2: Initial 1-D P-wave veloc- 8.0 o7
ity model used in this study. '
8.0 50

This initial 1-D velocity model represents the basis and the background model for all
following inversions. As described in the next section (and shown in Table 4.2) the initial

1-D velocity model (model no. 001) is extended and modified iteratively.

4.1.2 Development of the tomographic model

For the initial versions of the tomographic velocity model (model nos. 1 - 47, see Table
4.2), only the offshore stations which recorded the airgun shots south of Cyprus (pure
offshore part) were taken into account. Fig. 4.3 shows the final model no. 4608. This

model was the final model of the offshore part only.

Later the offshore part was extended with the Cyprus stations which also recorded the
airgun shots (model no. 50 - 100). This part of the profile (airgun shots, recorded by the
Cyprus stations) is described with the term amphibian or on-offshore part. Due to the
extension with the on-offshore part it was possible to reveal the deeper velocity structure
and obtain some evidence for the Moho depth beneath Cyprus. The development of the
velocity model beneath Cyprus is discussed in more detail in the section 4.1.3. The total
length of the off- / on-offshore profile is 250 km (at a distance from 400 — 650 km along
the whole profile).
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FIGURE 4.3: Final P-wave velocity model of the offshore part only (above) and corre-
sponding ray plot (below). The Moho is inverted from the data.

The development of the tomographic velocity model involves the extensive modification
of the initial model and alteration of model parameters such as grid spacing and damping

factor (see Table 4.2).

The first models (model nos. 1 - 7) have a constant horizontal grid spacing of 10 km and
a vertical grid spacing of 2 km. The damping factor was varied from 100 to 5000. In the
following model series (nos. 8 and 14 to the final model) the horizontal grid spacing is
reduced to 5 km and a damping factor of 500 shows the lowest residuals for the offshore
part. A horizontal grid spacing of 5 km equates approximately to the station spacing
offshore. If horizontal grid spacing is reduced further then one has many boxes at the
surface with no stations in them and thus one can obtain horizontal oscillations in near
surface velocities. The final model series (no. 10001, off / on-offshore profile) has a
damping factor of 2000, which is a reasonable compromise between too slow convergence
(caused by high damping factors, e.g. 5000) and instability (caused by low damping

factors, eg. 100) e.g. negative velocities, which cause problems for the program. In the
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models 9 to 13 the grid spacing was varied, with the horizontal spacing being reduced to
2.5 km and the vertical spacing to 0.5 km. In addition a varying vertical grid spacing
was tested (model nos. 9 and 10: for the upper 14 km a grid spacing of 1 km and below
2 km). Some models used a model from the previous model series as the initial model
(e.g. model nos. 11 and 12) instead of the initial starting model. Table 4.2 shows an
extract of the model series with the corresponding model parameters and initial model.
In addition the number of features which are inverted is varied. For example, in the model
series 18 the Moho boundary was inverted, the model series 27 includes the inversion of
both the Moho and mantle velocity and in the model series 42 the Moho was fixed based
on the results of the previous model series, but the mantle velocity was inverted. All in
all the development of the tomographic P-wave velocity model involves 70 model series.
In addition 9 inversions were performed to model the upper crustal reflection beneath

the ESM.

The Moho geometry of the final offshore P-wave velocity model no. 4608 (see Fig.4.3)
was used as the input Moho geometry for the subsequent modelling of the offshore /
on-offshore part (model series nos. 50 — 53). Subsequent modification of the initial
P-wave velocity model and the Moho geometry shows that the most reasonable results
were achieved if the initial Moho is a flat plane with a constant initial Moho depth of

e.g. 25 km (model series nos. 58-63) or 35 km (model series no. 7701).

This development leads to a decreasing RMS! value (see Table 4.2) and a better fitting
of the data to the model. Due to the significantly higher number of picks for model
series 50-100 the RMS value is about ~ 0.21 s instead of ~ 0.18 s. For the decision of
which resulting P-wave velocity model should be used for further analysis, not only the
RMS value was considered but also the question of whether the P-wave velocity model is
geologically reasonable was taken into account. Model series 4708 and 11008 are models
where the picked secondary phases (see red dots in Fig. 3.6) are inverted for an upper

crustal reflection.

4.1.3 Development of the velocity model beneath Cyprus

The area of Cyprus represents the boundary between the layered P-wave velocity model

(northern part of the profile, onshore part) and the tomographic P-wave velocity model

'Root Mean Square, see Eq. 2.24
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Chapter 4. Crustal Modelling and Results

(southern part of the profile, offshore part). This and the complex geological structure
of Cyprus with the Troodos ophiolite complex was the reason for a special treatment in
model development for this region. Thus the first step for the development of the velocity
model was to include geological information (Fig. 4.4) to build a layered P-wave velocity
model (Fig. 4.5) with the boundary to the tomographic model at the southern coast of
Cyprus (tomographic model just from offshore stations, model nos. 1 — 47). Later this
layered velocity model was used to build the initial model for a tomographic velocity
model beneath Cyprus with the boundary to the layered velocity model at the northern
coast of Cyprus (tomographic model from offshore stations and stations onshore Cyprus,

model nos. 50 — 100).

Based on geological information and maps (Fig. 4.4) and the positions of the stations on
Cyprus the boundaries between the stratigraphic units (Sediments, Pillow lavas, Sheeted
Dykes and Gabbros) along the profile were derived (Table 4.3). For every geological
unit a corresponding P-wave velocity is assigned and integrated into the layered (later
tomographic) initial model. It is known that for example the Gabbro unit of the Troodos
crops out along the profile. Based on the study of Mackenzie et al. (2006) the Gabbro
unit was assigned a P-wave velocity of 6.75 km/s. Table 4.3 shows all stratigraphic
units, the stations located on these units and the corresponding P-wave velocities from

Mackenzie et al. (2006).

TABLE 4.3: Stratigraphic units beneath Cyprus, the stations located on the unit and
the corresponding P-wave velocity from Mackenzie et al. (2006); Salisbury et al. (1989);
Smith and Vine (1989). Layered P-wave velocity model for Cyprus is shown in Fig. 4.5

stratigraphic unit station no. P-wave  velocity
[km /5]
Sediments C201 - C221 and | 2.8-2.9
C248 - C250
Pillow Lavas C222 and C240 - | 3.6 - 3.7
C247
Sheeted Dyke Complex C223 5.5-5.6
Gabbro C224 - C239 6.75

The initial layered velocity model for Cyprus (Fig. 4.5) takes the dome character of the
Troodos complex into account. It was transformed and added to the initial model for

the tomographic inversion of the off- / on-offshore data (Fig. 4.6).
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FIGURE 4.4: Detailed geological map

of Cyprus with receiver locations. Leg- FIGURE 4.6: Off- / On-Offshore initial
end is shown in Appendix B. P-wave velocity model no. 10001.

4.1.4 Results

With a RMS value of 0.21 s and a C HI? value of 2.68 the model no. 100 (8th iteration
= 10008) is the final P-wave velocity model for the off- / on-offshore part. With a C HI?
value of 2.68 the data are not over-fitted. Figure 4.6 shows the corresponding starting
model 10001. The Moho geometry was fixed and not inverted during the final model
no. 100. The Moho geometry was adopted from model no. 7708, where the initial Moho
geometry was a flat plane with a constant Moho depth of 35 km. The upper mantle
velocity of 8.0 km/s was also not inverted because previous inversions showed that the
inversion of the upper mantle velocity interferes with the resulting model and leads to

an unreasonably low P-wave velocity in the upper mantle in disagreement with previous
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Chapter 4. Crustal Modelling and Results

studies (Makris et al., 1983). Thus the mantle velocity is assigned a value of 8.0 km/s

in agreement with Makris et al. (1983).

The final P-wave velocity model (Fig. 4.7 with the key observations labeled) involves

seismic phases traveling down to 35 km depth, revealing the P-wave velocity distribution

and the Moho depth and geometry.

The key observations (shown and labeled in Fig. 4.7) and first geological interpretations

of this model are:

1.)

60

Moho depth: a Moho depth of 28 km at the southern end of the profile, increasing
up to 32 — 35 km depth beneath the ESM. North of the ESM the Moho depth is

about 37 km and increasing beneath Cyprus.

General P-wave velocities: Beneath the ESM P-wave velocities of 5.5 to 6.5 km/s
were derived. The absence of a lower crystalline crust with P-wave velocities higher
than 6.5 km/s is observed in this region. North of the ESM (450 — 525 km offset)
P-wave velocities between 6.5 and 7.0 km/s are observed at depths greater than

15 km.

Sediments: Low P-wave velocities (< 4.8 km/s) occur at shallow depths (max.
5 km) beneath the ESM and greater depths (max. 12 km) south and north of
the Eratosthenes Seamount. They are interpreted as sedimentary cover with a
thickness of about 5 — 12 km south and north of the ESM. Beneath the ESM the

sedimentary cover is thinner with 1 — 5 km thickness.

Accretionary wedge: The triangle shaped low velocity zone (P-wave velocities lower
than 5.5 km/s) north of the ESM (reaching a depth of 15 km) has a north dipping
lower surface starting at the trench of the Cyprus arc (at an offset of 512 km along
the profile, red dashed line in Fig. 4.7). Due to this geometry and P-wave velocities
this low velocity zone is interpreted as the accretionary wedge above the northward

subducting plate with a total width of ~ 37 km.

South of the ESM (620 — 650 km): The presence of a thickened low velocity layer
(< 4.8 km/s) in the upper 10 — 12 km, higher velocities in the lower crust and
the decreasing Moho depth to about 28 km are indicators for a transition towards

a crust with a different origin.
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Chapter 4. Crustal Modelling and Results

6.) A high velocity zone (7.6 — 8.0 km/s ) beneath Cyprus which is interpreted as the
ophiolite sequence of the Troodos complex on Cyprus (red dashed ellipse in Fig.
4.7). The high velocity zone is located at 5 — 12 km depth and extends offshore
south of Cyprus (up to 470 km offset).

7.) The picked secondary seismic phases (labeled red in Fig.3.6 and green dashed ellipse
in Fig. 3.8) were used to invert a reflector beneath the ESM. The geometry of this
reflector is shown and labeled in Fig. 4.8. The modeled reflector is located at
8 — 9 km depth at the northern and southern end of the ESM. Directly beneath
the ESM the reflector rises up to 3.5 km depth. The geometry of the reflector
corresponds to the 5.5 km/s P-wave velocity isoline and agrees with the general
observation that the upper low-velocity layers (< 4.1 km/s) thicken to the north
and south of the ESM. Therefore this modeled reflector could be interpreted as the
boundary between the sedimentary layers and the upper crystalline crust beneath

the ESM.

4.1.5 Checkerboard Tests

For the offshore and on-offshore part a checkerboard test was performed to reveal the
resolution with depth. With the checkerboard test a regular pattern of velocity anomalies
is recovered by the data. Therefore an input model has to be built which consists
of regular, rectangular patches of opposite velocity anomalies (e.g. + 0.3 km/s and
— 0.3 km/s, see Fig. 4.9 top). These perturbations are combined with a background
model which corresponds to a 1-D average of the model that is being tested. A subsequent
forward calculation produces the theoretical traveltimes corresponding to the perturbed
velocity model. Random noise was added to these traveltimes which are then used for
the following inversion. The result of this inversion is ideally a reproduction of the input
velocity anomaly grid. If the recovered velocity patches are undeformed with respect to
the input anomaly grid, then one can be confident that the data can resolve velocity
structures similar in size to the input checkerboard anomalies. In those areas where the
recovered velocity patches are deformed, smeared and not reconstructed the resolution
capability of the data is lower than the size of the velocity anomalies. In this way the
checkerboard test provides an estimation of the size of the velocity anomalies that can be
well resolved in which depths. The checkerboard tests performed with the final model of
62
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Chapter 4. Crustal Modelling and Results

the tomographic velocity model consist of two different block sizes of velocity anomalies.

The input model and the result of the smaller block size (10 x 4 km) is shown in Fig.

4.9 and the input model and the result of the bigger block size (15 x 6 km) is shown in

Fig. 4.10.
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FIGURE 4.9: Checkerboard test with a grid size of 1024 km (above: input model below:
output recovered model). Grid could be recovered till ~ 10 — 15 km depth in the
offshore part
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FIGURE 4.10: Checkerboard test with a grid size of 1526 km (above: input model,
below: output recovered model). Grid could be recovered till ~ 10 — 15 km depth in
the offshore part.
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The results (Figs. 4.9 and 4.10) reveal that both block sizes could be resolved well till

a depth of ~ 10 — 15 km for the offshore area south of Cyprus. This means that for

the offshore area P-wave velocity structures with a size greater than 10 x 4 km can be
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resolved well in the upper ~ 10 — 15 km. The data can resolve the velocity structure
to some degree in the lower crust below 15 km depth, but when interpreting the crustal
structure below 15 km depth it has to be considered that the geometry of the structures
are less well constrained. Due to the lack of crossing rays and the lower ray density the
onshore area beneath Cyprus is less well constrained compared to the offshore area south

of Cyprus.

4.1.6 Picked vs. calculated traveltimes

To compare the observed and picked traveltimes with the calculated traveltimes both
were plotted onto the data. The following figures show two examples with the calculated
traveltimes of the final tomographic P-wave velocity model (OBS02 and C229, Fig. 4.11
and 4.12, respectively). The example of the station OBS02 (Fig. 4.11) shows the good
fitting of the picked traveltimes (in red) and the calculated traveltimes (in green). At the
northern end a Pn phase is observed. The example of station C229 (Fig. 4.12) shows
also that the calculated Pg and Pn phases fit very well to the data.
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FIGURE 4.11: Seismic section of OBS02, band-pass filtered from 3 — 9 Hz. Red

circles show picked first arrival times and the green solid line shows calculated first

arrival times (Pg and Pn) based on the final tomographic P-wave velocity model (Fig.
4.7).
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FIGURE 4.12: Seismic section of €229, band-pass filtered from 3 — 9 Hz. Red circles
show picked first arrival times and the green solid line shows calculated first arrival
times (Pg and Pn) based on the final tomographic P-wave velocity model (Fig. 4.7).

4.1.7 Discussion

Based on the observations made, the tomographic P-wave velocity model can be divided
into 4 different sectors with different geological and geodynamic interpretations which

will be discussed in the following from south to north.

(I) South of the ESM

The area south of the ESM (~ 625 — 650 km offset) shows a thickening of the sediments
(ca. ~ 12 km), higher velocities (> 6.5 km/s) in the lower part of the crust and a
Moho at about 28 km depth. Compared to the area beneath the ESM a change in crustal

thickness and P-wave velocity structure can be observed.

This is similar to the observations made by Makris et al. (1983) and Ben-Avraham et al.
(2002). They suggested a transition from continental crust underlying the ESM to an

oceanic crust underlying the thick sedimentary sequence of the Levant Basin. East and
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south of the ESM an evaporitic layer (v, = 4.2 km/s) thickens from the seamount toward
the basin. A thickening of P-wave velocities lower than 4.8 km/s toward the southern
end of the profile is also observed in the velocity model presented here. Ben-Avraham
et al. (2002) also recognize a sediment layer with P-wave velocities of 4.5 km/s at a
depth of ~ 12 km. This is consistent with the interpretation of the P-wave velocity
model presented in this study. The upper 10 — 12 km of the most southern part of
the profile consists mainly of thick sediments probably including an evaporitic layer with
P-wave velocities of 2.5 — 4.6 km/s. The geological investigation by Robertson (1998b)
suggests a basin south of the ESM infilled with young and rapidly subsiding turbidites

and Messinian evaporites (see Fig. 1.5a), also confirming the results presented here.

In the lower crust a southward increasing P-wave velocity can be observed (up to ~
6.9 km/s). This is further evidence for a transition to oceanic crust. Ben-Avraham
et al. (2002) also observed a southward thinning of the 6.0 km/s layer (greenish colors
in Fig. 4.7) towards oceanic crust with a P-wave velocity of 6.7 km/s overlain by thick

sediments.

The southward decrease of the Moho depth in this sector also supports the interpretation
of a southward transition from continental (crustal thickness greater than 25 km, Ben-
Avraham et al., 2002) to oceanic crust with a Moho depth of < 25 km. Especially for
the deeper crustal structure (P-wave velocities and Moho depth) of this area, it has to
be considered that this is near the edge of the velocity model and is therefore not so well
constrained due to the lack of seismic rays. Nevertheless, in summary, the section south
of the ESM is mainly characterized by the southward transition from continental crust

with a thin sedimentary layer to oceanic crust with thick sediments and evaporites.

(IT) ESM

Beneath the ESM (~ 525 — 625 km offset) the dominant P-wave velocities do not
increase above 6.5 km/s. The minimum Moho depth in this region is 32 km. Thickened
crust of about ~ 32 — 35 km, together with the observed low velocities in the crust
supports the interpretation that the crust in this block has a continental origin. This is
consistent with several investigations (Ben-Avraham et al., 2002; Koulakov and Sobolev,

2006; Robertson, 1998b). The velocities in this region are in line with the suggestion
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that the predominant lithology in the sediments is limestone (Robertson (1998b), see
Fig. 2.1).

Ben-Avraham et al. (2002) suggested a lower crust beneath the ESM of 10 km thickness
and a P-wave velocity of 6.7 km/s. The lower crust region beneath the ESM is sub-
divided into two parts. The northern part has a lower crust with P-wave velocities of
6.5 — 6.65 km/s. In contrast to this and in contrast to the results of Ben-Avraham
et al. (2002) and Makris et al. (1983) the southern part shows no lower crust with P-wave
velocities greater than 6.5 km/s. This division is also implied by the Moho depth which
decreases from the southern part (35 km) to the northern part (32 km) of the ESM.
These lateral changes are new observations and contribute new information to reveal the

crustal structure of the collision zone between the ESM and Cyprus.

(IIT) North of the ESM

North of the ESM (~ 475 — 525 km offset) the P-wave velocity structure differs
significantly compared to the crustal structure beneath the ESM. In the upper crust a
northward thickening of low velocities (< 4.8 km/s) can be observed which is connected
to a thickening of the sediment layer. The tomographic P-wave velocity model reveals
that this low velocity zone has a triangular shape with a northward dipping base down to
a depth of ~ 12 km. These observations lead to the interpretation that this low velocity
zone represents the accretionary wedge corresponding to the subduction of the crustal
fragment of the ESM. This is consistent with the borehole data and interpretations from
Robertson (1998b) (Fig. 1.5a) that between the ESM and Cyprus a northern basin exists

filled with Pliocene-Quaternary turbidites and sandy sediments.

The accretionary wedge is underlain by a thin 5.5 — 6.5 km/s layer followed by a
thick (~ 15 — 20 km) layer with P-wave velocities ranging from 6.5 — 7.0 km/s.
The northward continuation of this layer could not be resolved with the tomographic
velocity model, but the layered model shows some evidence for a continuation of oceanic

or thinned continental crust there.
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(IV) Beneath Cyprus

In contrast to previous seismic refraction investigations (Makris et al., 1983) which sug-
gest a 35 km thick continental crust beneath Cyprus which extends to the ESM, this
study reveals that the region beneath Cyprus has a significantly different crustal compo-
sition compared to the crustal structure of the ESM. Therefore these crustal blocks are

disconnected and have to be analyzed and interpreted independently.

The most prominent feature of the area beneath Cyprus is a high velocity zone. Geologi-
cally it is interpreted as an ophiolite sequence with weathered gabbros at the surface and
peridotite at the bottom of the sequence. This is the first time that the geometry and
the P-wave velocity distribution of the ophiolite sequence corresponding to the Troodos
complex beneath Cyprus has been mapped in the N-S direction across the centre of the

complex.

The P-wave velocities beneath Cyprus connected to the ophiolite complex range from
5.8 km/s at the surface to 7.6 — 8.0 km/s at 10 km depth beneath southern Cyprus.
Further to the south, offshore Cyprus, velocities of 7.6 - 8.0 km/s are also encountered
at 7 km depth. The initial P-wave velocity model had P-wave velocities of 6.75 km/s
(combination of the results from Mackenzie et al., 2006; Smith and Vine, 1989 and
Salisbury et al., 1989) at the surface in southern Cyprus corresponding to the Gabbro
unit of the ophiolite complex. The final velocity model reveals that the P-wave velocities
in this region are 5.8 — 6.5 km/s which can be explained by a weathered lithology. The
wide-angle investigation by Mackenzie et al. (2006) estimated that the gabbros have a P-
wave velocity of 6.05 — 6.67 km/s which is also below the average P-wave velocity of the

gabbros (6.95 km/s) obtained by Smith and Vine (1989) from borehole measurements.

The area below 20 km depth is poorly constrained, but the velocity model indicates P-
wave velocities around 7 km/s which would be in contrast to the result of Makris et al.
(1983) who suggested a continental crust with a velocity of 6.0 km/s in the upper crust
and 6.7 km/s in the lower crust. The high velocities of 7 km/s derived in this study

could be a continuation of the lower crust revealed beneath the area north of the ESM.
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4.2 Layered Velocity Model

Firstly, six 1-D velocity functions were derived manually for both land shots and for
two airgun shots (CSP45 and CSP156) just south of Cyprus (Tab. 4.4). For each shot
point a 1-D velocity model to the north and to the south was derived from the data by
fitting by eye a linear function to the picked first arrival times. The slope of this function
corresponds to the slowness (inverse of the P-wave velocity) within the layer (see Fig.
2.3). As the slope changed constantly a sub-division was made to define discrete layers
with different P-wave velocities. The layer thickness can then be calculated with the

known intercept time (see Equation 2.8).

TABLE 4.4: Initial 1-D velocity models for the onshore part (Turkey and Cyprus), LT
= Layer Thickness, LS = Land Shot, AGS = Airgun Shot

LS 2002 (northern land shot) LS 2001 (southern land shot) | CSP45 (AGS) | CSP156 (AGS)
to North to South to North to South to North to North

v, T | v, T | v, T | v, T | v, T |V, LT

[km/s]| [km| | [km/s]| [km] | [km/s]| [km] | [km/s|| [km] | [km/s|| [km] | [km/s]| [km]

2.83 3.15 3.53 2.54 5.45 4.36 5.57 13.79 | 3.57 3.33 3.64 6.07

5.45 7.26 5.49 10.90 | 6.06 23.19 | 7.87 5.41 2.70 6.21 3.64
6.67 6.77 33.25 | 6.88 8.39 8.19
8.07

With these 1-D P-wave velocity models a simple layered starting model for the following
ray-tracing procedure was constructed. From geological information on Turkey (Fig. 1.3)
and high resolution geological maps the boundary between the sediment unit and the
Taurides was derived (at a distance of about 180 - 190 km along the profile, see Fig.
4.13). This information was used to build the initial layered model for the onshore part

(Turkey).

A subsequent trial-and-error forward modelling was performed to minimize the difference
between observed traveltimes and calculated traveltimes. The comparison was done by
eye. The main features which were modified are the P-wave velocity and the geometry

of the layer boundaries. All in all 65 different versions of the layered model exists.

Since both types of seismic phases, refracted phases and reflected phases, had to be
modeled, an alternating fitting of the data was necessary. The modifications of the P-
wave velocity model made based on the refracted phases, also had to fit to the reflected

phases and vice versa.
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201 traveltimes were picked for the refracted phases (111 for the northern land shot and

90 for the southern land shot). 28 traveltimes were picked for the reflected phases beneath

Cyprus (18 for the upper reflector and 10 for the lower reflector) and 56 traveltimes were

picked for the reflected phases recorded by the northern land shot.

4.2.1 Results

The final layered P-wave velocity model for the area beneath Turkey, the Cilicia basin

and northern Cyprus consists mainly of eight crustal units (Table 4.5). The RMS value

for the 201 refracted arrivals for this model is 0.25 s.

TABLE 4.5: Final layered P-wave velocity model. Units are labeled in Fig. 4.13.

layer layer name Vp [km/s| Thickness
number [km]

a Sediments beneath Turkey 2.8-3.6 1.5-3.0
b Sediments beneath the Cilicia Basin / | 4.75 - 5.15

N. Cyprus (from gravity)

¢ 5.5 layer 5.5-5.8 1.5-5.0

d Upper Crust 6.0 -6.7 27.0 - 37.0
e Lower Crust 70-76 6.0 - 15.0
f Upper Mantle 7.8

g Subducting plate 6.8 15.0 - 20.0
h Lower ophiolite complex 7.5 0-4.0

As shown and labeled in Fig. 4.13 the key observations and first geological interpretations

of the layered P-wave velocity model are:

i)

ii)

An upper and lower crust with large lateral changes in velocity structure and thick-
ness (see Table 4.5 and Fig. 4.13). The highest lateral velocity change is observed
within the sedimentary layer beneath the northern land shot (from 2.8 km/s at
the northern end up to 3.5 km/s at about 40 km offset). As already seen from the
initial 1-D velocity models (Table 4.4) the lateral P-wave velocity change is about
0.7 — 0.8 km/s. The lateral P-wave velocity change in the upper and lower crust

generally does not exceed 0.3 km/s.

The seismic data are compatible with a Moho depth of 38 km at the northern end
of the profile which increases southward to 45 km in combination with an upper

mantle P-wave velocity of 7.8 km/s.
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iii) A subducting plate has been modeled with two reflected phases recorded by the
Cyprus stations (Fig. 4.14b). The dip of the upper boundary is less than the dip
of the lower boundary (Moho).

The sediment layer (a in Fig. 4.13) thins southwards from 3 to 1.5 km thickness. At an
offset of 185 km the sediment layer disappears. This marks the boundary between the
sediment filled basins of central Anatolia (Konya basin, TuzGolii basin, see Fig. 1.3) and

the Taurus mountains which extends to the southern coast of Turkey.

The sedimentary layer is underlain by a layer with a predominant P-wave velocity of
5.5 km/s ("5.5 layer", ¢ in Fig. 4.13). This layer has a thickness of 3 km at the northern
end of the profile and thins significantly between 100 - 150 km offset (1.5 km thickness).
In addition to the thinning of the layer, an increasing P-wave velocity (5.75 km/s) is
observed. With the disappearance of the sedimentary layer at an offset of 185 km the
5.5 layer is present at the surface in the area of the Taurus mountains to the southern
coast of Turkey. Beneath the Taurus mountains this layer has a constant thickness of

5 km.

Below the 5.5 layer a layer with a thickness of 27 km at the northern end of the profile
and dominant P-wave velocities of 6.0 — 6.7 km/s is modeled. This layer is interpreted
as the upper crust (d in Fig. 4.13). As already observed in the 5.5 layer a high velocity
zone at an offset between 100 — 150 km offset can be observed. The P-wave velocities
increase up to 6.3 km/s at the upper boundary of the layer and 6.7 km/s at the lower
boundary of the layer between 100 and 150 km offset. Simultaneously the layer thickness
increases from 27 km to 37 km. The geometry of the layer boundary between the upper
and lower crust is mainly derived from the reflected phases of the northern land shot.
The rapid increase of the depth from 32 km to 39 km of this boundary is necessary to
fit the data in an appropriate way. The significant increase in P-wave velocity in the
southernmost part of the upper crust (up to 7.2 km/s) is needed to fit the calculated
traveltimes of the P, phase recorded on Cyprus with the picked traveltimes. This area
belongs more likely to the lower crust than to the upper crust due to the similar P-wave

velocity (7.2 km/s).

The lower crust with a dominant P-wave velocity of 7.0 — 7.1 km/s has a constant

thickness of 6 km from the northern end of the profile to the central part of the profile (e
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Chapter 4. Crustal Modelling and Results

in Fig. 4.13). In the southern part of the profile, between 275 km and 300 km offset, the
thickness of the lower crust rapidly increases (up to ~ 15 — 20 km). Within the depth
range of 15 — 35 km beneath the Cilicia basin high P-wave velocities of 7.2 — 7.6 km/s
are observed. This includes a high velocity block of 7.5 km/s which corresponds to
the ophiolite complex beneath Cyprus. This is mainly derived from the refracted and
reflected waves of the southern land shot recorded by the Cyprus stations (Fig. 4.14 a
and b).

A P, phase from the northern land shot (Fig. 4.14a) reveals a P-wave velocity of 7.8 km/s
for the upper mantle with a Moho at 38 — 45 km depth (f in Fig.4.13). Furthermore the
PmP phase confirmed a Moho depth of 45 km beneath the central part of the profile.
At the northern end of the profile the Moho shallows to 38 km depth in order to fit the
gravity data. The PmP phase is observed and picked at the northern land shot in an
offset of 190 - 270 km (Fig. 4.15). The PcP phase is picked at an offset of 130 — 190 km,
although the arrivals between 160 and 190 km offset could belong to either the PcP or
PmP phase (Fig. 4.15).

Two reflected phases from the southern land shot recorded by the Cyprus stations give
evidence for a northward subducting plate (g in Fig. 4.13). The subducting slab has an
average P-wave velocity of 6.8 km/s and a thickness of 15 — 20 km, which provides a
good agreement between the observed and calculated traveltimes of the later reflected
phase (Psyp_ro in Fig. 4.17) and is confirmed by the gravity modelling. The earlier
phase is supposed to be the reflected signal from the upper boundary of the subducting
plate. Compared to the lower boundary it is shallow dipping. The later phase is inter-
preted as the Moho reflection from the subducting plate. The dip of the lower boundary
(Moho) is significantly different (more steep, compare Psyp—ro and Psyp—yp in Fig.
4.17). These reflected phases, supposed to be the reflections from the upper boundary
and the Moho of the subducting plate, are discussed in more detail in the following

section 4.2.3.

The first arrivals from the southern land shot recorded by the Cyprus stations constrain
the existence of high P-wave velocities (7.2 — 7.5 km/s) beneath the Cilicia basin (below
~ 15 km depth) and northern Cyprus. Considering the high velocity zone beneath

southern Cyprus from the tomographic P-wave velocity model, a triangular shaped high
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velocity block (h in Fig. 4.13) is suggested as the northern end of the lower part of the
ophiolite complex beneath Cyprus.

As shown in Fig. 4.14a the P-wave velocity model involves refracted phases from the
upper 15 km and a Pn phase from the Moho at 38 — 45 km depth. A refracted phase is
also observed on the Cyprus stations. The refracted phases mainly constrain the P-wave
velocity distribution in the upper 15 km beneath Turkey, the upper mantle velocity and

the P-wave velocity of the region beneath the Cilicia basin at 15 km depth.

The intra-crustal reflected phases (Fig. 4.14b) constrain the geometry of the layer bound-
ary between upper and lower crust and the PmP phases confirm the geometry of the
Moho. The reflected phases recorded by the Cyprus stations constrain the upper bound-
ary and the Moho of the subducting plate.

By perturbing the velocities or the layer boundaries in the model one can obtain a feel for
the errors in the various parameters by examining the changes in the traveltime curves.
Thus the velocities in the upper 15 km beneath Turkey are probably accurate to within
+0.1 km/s. The velocities throughout the remainder of the layered model are thought to
be accurate to within £0.2 km/s while the boundary depths are thought to be accurate
to within +10 %.

Due to the distribution of the seismic phases, there are three regions where the P-wave
velocity model is not resolved by the wide-angle seismic data (Fig. 4.13). However, the
subsequent gravity modelling revealed the crustal structure of these regions, especially

the area between Turkey and Cyprus.

4.2.2 Picked vs. calculated traveltimes

To compare the observed and picked traveltimes with the calculated traveltimes both
were plotted onto the data. Figures 4.15 and 4.16 show the seismic section and the
synthetic seismogram section of the northern land shot, respectively, with the picked
traveltimes (red dots) and the calculated traveltimes of first arrivals and reflections (green
dashed and solid lines) of the final layered P-wave velocity model. Figure 4.17 shows the
corresponding seismic section of the southern land shot. From the northern land shot
(Fig. 4.15) a Pg and Pn phase were picked and modeled. The calculated traveltimes of

the first arrivals (green solid line in Fig. 4.15) are in good agreement with the picked
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traveltimes (red dots in Fig. 4.15). Although the final layered P-wave velocity model
minimizes the difference between the picked and calculated traveltimes as far as possible,
at an offset of about 50 — 70 km a slight difference between both is observed. The rapid
change in slope of the picked first arrivals, which is hard to model at all, is caused by a
rapid lateral change in velocity structure. The final layered P-wave velocity model (Fig.
4.13) accounts for the rapidly changing slope of these first arrivals by lateral thinning of
near-surface low velocity layers and a high-velocity block within the upper crust (see Fig.
4.13 at an offset of about 100 km). These features, already presented in the previous

section, contribute to the fitting of picked and calculated first arrivals.

As shown in Fig. 4.15 two reflected phases are modeled. This includes the reflections
from the layer boundary between the upper and lower crust (PcP) and the reflections
from the crust-mantle boundary (PmP). Due to the signal to noise ratio the reflected

phases can be picked at offsets greater than 130 km.

15

Aoy
AN O
A\ b
Yy

4

a0

S A
AN POCTC
po——n
SIS,

W
A,
N
St malTTeEe. ¢

ey e
WAGASe LA VivaZ AW TICA NS B
St ALY

S N A
e NNV It |
S L 2

L g
sl e
o) ; SR i f?: 323 it

2 s TRk at : filg
111 ;é % S g 32i‘ : $E£23 35 ;i 3 i%! g{
S e T |
s Ol : i i i et n
L e e
B R el
N R

SN i

i :

A A A SRR A Y

WY "
8

)
AN} K bt tee Bat b e B D SR AT B AP AL CAR AR,

N w H (9] (o)} ~ o) (o]
(oYY
AN

[any
L

e e Aoy D S ) MM A AT | AT Y\ AN UM NS g oV
YWY

v
A e A T I WY VAT Vo T oot

I PN

o

BN

20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
Distance [km]

FIGURE 4.15: Seismic section of northern land shot in Turkey (T2002), band-pass

filtered from 3 — 9 Hz. Red circles show picked first arrival times and reflected phases.

Green solid lines show calculated first arrival times (Pg and Pn) and green dashed

lines show calculated traveltimes from reflected phases from the upper / lower crust

boundary (PcP) and from the Moho (PmP) based on the final layered P-wave velocity
model (Fig. 4.13).

As mentioned in section 3.3 the onset of the reflected phases has a higher signal to noise

ratio compared to the first arrivals and is therefore better visible. To analyze and verify
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the energy relationship between the first arrivals and the reflected phases, synthetic
seismograms based on the final layered P-wave velocity model were calculated for the
northern land shot (Fig. 4.16). During a trial-and-error procedure different synthetic
seismograms with different velocity gradients and combinations for the upper crust and
lower crust were calculated. Based on these results the P-wave velocity of the lower crust
is determined to be 7.0 km /s and the vertical P-wave velocity change in the upper crust
is determined to be 0.4 km/s (6.0 — 6.4 km/s and 6.3 — 6.7 km/s). The velocity
contrast between the upper and lower crust is therefore 0.6 km/s in the northern part
(< 100 km offset) and 0.3 km/s in the central part of the profile (100 — 250 km offset,
see Fig. 4.13).
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FIGURE 4.16: Synthetic seismogram section of northern land shot in Turkey (T2002).

Red circles show picked first arrival times and reflected phases, green solid lines show

calculated first arrival times, green dashed lines show calculated traveltimes from re-
flected phases.

The calculated first arrivals of the southern land shot (green solid line in Fig. 4.17) show
a good fitting to the real data and the picked arrival times. To the north of the southern
land shot, the calculated traveltimes of the two reflections (PcP and PmP), already
observed from the northern land shot, can be observed. In contrast to the northern land

shot, here no reflections were picked due to the low signal to noise ratio. The above
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mentioned reflections recorded by the Cyprus stations are shown as green dashed lines
in Fig. 4.17 (Offset = 120 - 170km). Note the difference in slope of both reflected phases

which originates from the different dip angles of the reflectors.
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FIGURE 4.17: Seismic section of southern land shot in Turkey (T2001), band-pass fil-

tered from 3-9 Hz. Red circles show picked first arrival times and reflected phases. Green

solid lines show calculated first arrival times (Pg) and green dashed lines show calcu-

lated traveltimes from reflected phases from the upper / lower crust boundary (PcP),

from the Moho (PmP), both not picked, and from the upper boundary (Psyp—up)

and the Moho (Psyp—_ro) of the subducting plate, based on the final layered P-wave
velocity model (Fig. 4.13),

4.2.3 Discussion

The wide-angle seismic data provide evidence for a lateral, southward change in crustal
composition. Based on the change in geometry of the upper / lower crust boundary and
the simultaneous change of upper crustal velocity, the crustal unit is divided into two
parts (at about 100 km offset). The northern part has an upper crustal thickness of
27 km, upper crustal P-wave velocities of 6.0 — 6.4 km/s and a lower crustal thickness
of about 13 km. The southern part has an upper crustal thickness of 37 km, upper
crustal P-wave velocities of 6.3 — 6.7 km/s and a lower crustal thickness of about 6 km.
Based on geological information (Fig. 1.3) this change in crustal structure is consistent
with the boundary between the Central Anatolian Crystalline Complex in the north and
the Menderes-Taurus platform in the south (Okay, 2000, 2008; Clark and Robertson,

79



Chapter 4. Crustal Modelling and Results

2002; Goriir et al., 1998; Dilek and Sandvol, 2009). These crustal units are divided by
the inner Tauride suture which is located at an offset of about 100 km along the profile.
The inner Tauride suture not only marks the boundary between the crustal blocks, but
also marks the boundary between the TuzGolii basin and the Konya basin (see Fig. 1.3).
According to Roberts et al. (1999) the sedimentary unit within the Konya basin is about
500 m thick, whereas the sedimentary unit of the TuzGoli basin is estimated to have
3 km thickness (Giirbiiz and Evans, 1991). This significant southward thinning of the
sedimentary unit is confirmed by the wide-angle data presented in this study. The crustal
structure beneath the northern end of the profile is in good agreement with a basement
depth of 2 — 3 km revealed by seismic studies and well data of Giirbiiz and Evans

(1991),Aydemir and Ates (2006a) and Fernandez-Blanco et al. (2013).

The results of the wide-angle seismic modelling revealed that a Moho depth of 38 km for
the northern part of the profile and 45 km for the central part of the profile is compatible
with the data as long as the upper mantle P-wave velocity is 7.8 km/s. As soon as a
normal mantle velocity of 8 km/s is suggested, the Moho has to be deeper (~ 48 km)

with the same crustal velocity distribution.

The Pn velocity distribution from the work of Mutlu and Karabulut (2011) and Gans
et al. (2009) reveals a low velocity zone (Pn velocities between 7.75 — 7.9 km/s) in
the area between the TuzGoli basin and the southern coast of central Anatolia, coin-
ciding with the Neogene-Quaternary volcanism of the Central Anatolia Volcanic Zone
(CAVZ). This is in agreement with the upper mantle velocity of the wide-angle seismic

investigation presented here.

Vanacore et al. (2013) suggested Moho depth values varying from 31 to 45 km for the
central Anatolian block. Due to the scarcity of seismic stations deployed in this region the
values are not well constrained. Other investigations of receiver functions (Tezel et al.,
2013) suggest a Moho depth of 36 — 40 km in the area between the TuzGolii basin
and the southern coast of central Anatolia, which is confirmed by the results presented
in this study at least for the region beneath the TuzGoli basin (northern end of the
profile). As mentioned the spatial distribution of the used seismic stations in the area
of southern central Anatolia (area between the TuzGolii basin and the southern coast of
central Anatolia) is very inappropriate to derive a well constrained Moho depth. Due to

this the accurate determination of the Moho depth with wide-angle seismic investigations
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such as presented in this study provides an important and significant insight into the

crustal structure of southern Turkey and Cyprus.

The results of Pn tomography performed by Mutlu and Karabulut (2011) indicate a
thickened crust of up to 40 — 48 km between the TuzGolii basin and the southern
coast of central Anatolia. This southward thickening is also observed by the result
presented here and can be attributed to the subduction of African lithosphere (Mutlu
and Karabulut, 2011).

Due to the subducting plate beneath Cyprus and the Cilicia basin a southward thinning
of the crust of the upper plate from the Anatolian plateau to Cyprus is observed. In
addition to the thinning a change in crustal composition is observed. From the wide-
angle seismic data no P-wave velocities typical of the upper crust (~ 6.0 — 6.7 km/s)
are observed anymore (at a depth of 15 — 35 km, see Fig. 4.13). Instead the existence
of a thick high velocity block is derived from the data. The lower boundary of this block
marks the boundary to the subducting plate, which is constrained by the data. Based on
the P-wave velocities and the geometry of the layer boundaries the high velocity block
is interpreted as lower crust. Other authors such as Ergiin et al. (2005); Vanacore et al.
(2013) and Koulakov and Sobolev (2006) observed in the area of the Cilicia basin and
Cyprus a thinned crust with the Moho at 20 — 30 km depth.

Mackenzie et al. (2006) suggested the existence of a deep reflector at ~ 55 km depth
beneath Cyprus, which could originate from the northward dipping slab. The wide-angle
seismic line of Mackenzie et al. (2006) crosses the profile presented in this study at an
offset of about ~ 415 km (see Fig. 1.3). Based on the crustal model presented in this
study the reflection of Mackenzie et al. (2006) could originate from the Moho of the

subducting plate.

To test the hypothesis that the first reflected phase recorded by the Cyprus stations
originates from the upper boundary of the subducting plate, a polarity analysis was
performed of the first arrivals and first reflection. The subducting plate represents a
low velocity zone, and thus the reflections from this upper boundary should show the
opposite polarity to that of the first arrivals. To maximize the clarity of the onset the
traces were stacked. The analysis shows that the polarity of the onset of the shallow

reflection is opposite to the polarity of the first arrivals. Thus it is confirmed that this
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reflection comes from the top of a low velocity zone which is consistent with the predicted

model of a shallow dipping crust beneath Cyprus.

The average P-wave velocity of 6.8 km/s and the thickness of the subducting slab of
15 — 20 km supports the hypothesis that the origin of the crust of the subducting slab
is different compared to the crustal block of the ESM. Since the ESM is interpreted
as a continental block, the northward continuation which subducts beneath Cyprus is

interpreted as having more of an oceanic affinity.

At the southern end of the layered P-wave velocity model a block with a velocity of
7.5 km/s occurs. This high velocity block corresponds to the Troodos ophiolite complex,
also modeled with the tomography. This block extends to the northern coast of Cyprus
and disappears north of the coast. This is interpreted as the northern end of the Troodos

ophiolite complex.

4.3 Gravity

To complement the wide-angle seismic investigation and to compare its results with

another geophysical method, gravity modelling was performed along the seismic profile.

The gravity data were compiled from Makris and Wang (1994) for areas south of 37° N,
from Aydemir and Ates (2006b) for areas north of 37° N and from Gass and Masson-
Smith (1963) for Cyprus. These gravity values are the Bouguer gravity anomalies (circles
in Fig. 4.19a) north of 460 km offset. Offshore, south of Cyprus free air gravity data,
collected during the cruise MSM14/3, were available (circles in Fig. 4.19a) south of
460 km offset. Note that the water between Turkey and Cyprus is replaced by the
reference density of 2.67 g/cm?, whereas the water south of Cyprus has the standard
density of 1 g/cm?. At the northern edge of the study area gravity values from Aydemir
and Ates (2006a) are available. They proposed densities of 2.4 g/cm? for the sedimentary

fill and 2.65 g/cm? for the metamorphic basement.

To model the gravity data, first the derived P-wave velocities were converted into densities
following Birch’s law (Eq. 4.1). The densities for the crustal layers are calculated using

the empirical relation (Nafe and Drake, 1957; Birch, 1961):
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p=0.252 +0.3788 % V/, (4.1)

Table 4.6 shows the P-wave velocities of the different layers and the corresponding density
which is used for the gravity modelling process. The P-wave velocities in each of the
5 x 2 km cells of the tomography model were also converted to density using the Birch

law. Using the Birch law produces typical uncertainties of & 0.02 g/em? (Barton, 1986).

TABLE 4.6: Units of the layered P-wave velocity model and the corresponding density
(calculated after Birch’s law, Eq. 4.1)

layer layer name Vp |km/ s density

number [g/cm?]

a sediments beneath Turkey 2.8-3.6 1.56

b sediments beneath the Cilicia basin / | 4.75 - 5.15 215-23
N. Cyprus (from gravity)

¢ 5.5 layer 5.5-5.8 2.43

d upper crust 6.0-6.7 2.73

e lower crust 7.0-7.6 3.0-3.1

f upper mantle 7.8 3.3

g upper subducting plate 6.8 2.92

g’ lower subducting plate 3.12

h lower ophiolite complex 7.5 3.19

With the derived densities, a 2-D polygon model cross-section along the profile, based
on the formula of Talwani et al. (1959) with finite-length strike (Cady, 1980), was built.
Figure 4.18 shows the involved elements where P is the origin of an xz coordinate system

and the polygon also lies in the xz plane.

The vertical component of gravitational attraction V', due to the whole polygon, is given

by

V=2Gp> Z (4.2)
=1

where G is the universal constant of gravitation and p is the density of the body. The

summations are made over the n sides of the polygon. The integral Z; is expressed by

cosb;(tanb; — tane;)
cosb;1(tanb; 1 — tang;)

Z; = a; sing; cosg; | 0; — 0;+1 + tang; loge (4.3)
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Pa d, ﬂQ
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FIGURE 4.18: Geometrical elements involved in the gravitational attraction of an n-
sided polygon, modified after Talwani et al. (1959)

where the corners of the polygon are used to obtain 6;,0;11, ¢;, a;

_1 %
0; = tan~' =%,
T
_1”i+1
i1 = tan 1%>
i+1
4.4
1 %4l — % (4:4)
¢i = tan™ " ————,
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By systematic variation of the geometry (number and locations of vertices of the polygon)
and density of the polygon, the misfit between calculated and observed gravity anomalies

can be minimized.

Since the densities used for the gravity modelling correspond to the P-wave velocities
derived by the velocity modelling (see Chapter 4.1 and 4.2), the gravity model has to be
updated and rerun when the P-wave velocity model has changed and vice versa. Due to
this an alternating fitting of both the gravity data and the seismic data leads to a final

P-wave velocity model and gravity model which jointly constrain the crustal model.

The resulting gravity anomalies of the final gravity model (Fig. 4.19b) show a good
agreement with the observed gravity anomalies (see Fig. 4.19a) along the whole 650 km

long profile.
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Chapter 4. Crustal Modelling and Results

To account for the lateral change of P-wave velocities in the upper and lower crust in
the layered P-wave velocity model, the corresponding layer within the gravity model is
divided into two parts. The southernmost part of the upper crust and the southernmost
part of the lower crust are represented by two separate blocks with different densities

(labeled with 3.04 g/cm? and 3.09 g/em? in Fig. 4.19b).

The shallower part (above 55 km depth) of the subducting slab geometry is mainly
defined by the observed reflected phases. The deeper part of the slab (below 55 km km
depth) is mainly derived from the gravity data. Within the modelling process different
slab geometries were considered, of which a northward flat dipping slab with decreasing
thickness and increasing dip angle with increasing depth is the most likely one. The misfit
between the observed and calculated gravity anomaly is minimized as far as possible with

the shown slab geometry (Fig. 4.19b).

4.3.1 Results and Discussion

The gravity low associated with the Taurus mountains and the Anatolian plateau in
southern Turkey would be expected for continental crust in an elevated, mountainous

area, even with a modest isostatic positive contribution (Ergiin et al., 2005).

The decrease in gravity across the Cilicia Basin to Turkey is mainly caused by a thickening
crust, reaching 45 km below the Anatolian plateau. In contrast to Vanacore et al. (2013)
who suggested an average value of the depth to the Moho of 37 km in this region, the
gravity data is not compatible with this value. The gravity data suggest a Moho depth
of ~ 45 km.

The sediment thickness of the Cilicia basin is estimated to comprise 1 km of Pliocene
- Quaternary and Messinian sediments and at least 1 km of pre-Messinian sediments
(Ergtin et al., 2005). In the gravity model (Fig. 4.19b) this is taken into account by a 2

km thick layer with a P-wave velocity of 4.75 m/s and a density of 2.15 g/cm?.

The significant increase in gravity of about 150 mgal from 300 km to 400 km offset can
be explained by the existence of a dense block in the deeper part beneath the Cilicia
basin. The gravity model of Ergiin et al. (2005) suggests a Moho at 20 — 30 km depth
in this area (see red dashed line in Fig. 4.19b). This is in contrast to the results of

the gravity model based on the wide-angle seismic model presented in this study. As
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shown in Fig. 4.19b the increase of the gravity value in this area is mainly caused by the

increasing thickness of the lower crust (3.02 g/em3) with densities up to 3.09 g/cm3.

The most prominent feature of the gravity data is the gravity high (up to 200 mGal)
above Cyprus (400 — 430 km offset). This is caused by the high densities of the Troodos
ophiolite complex beneath Cyprus. The gravity low (—120 mGal) south of Cyprus at

about 500 km offset is mainly caused by the low densities of the accretionary wedge.

One challenging question is still the dip angle of the deeper part of the subducting
plate. As pointed out during the interpretation of the layered P-wave velocity model,
including the reflected phases from the southern land shot, it is concluded that the upper
boundary of the subducting plate has a different dip angle compared to the Moho of the
slab. Finally the gravity modelling constrains a changing dip angle of the subducting
plate where the deeper part (at 45 — 80km depth) of the slab dips steeper compared to
the upper part (above 45 km depth). The comparison with the gravity model of Ergiin
et al. (2005) (red dashed lines in Fig. 4.19b) shows a few similarities to the crustal model
presented here. For example, the Moho derived by Ergiin et al. (2005) is located at about
the same depth, starting in the south at 28 km and increasing northwards. Nevertheless,
the Moho geometry revealed by the combined analysis of wide-angle seismic and gravity
data contains many more details and shows a higher variability. Confirmed by the
crustal model presented in this study, the model of Ergiin et al. (2005) predicts a shallow
subducting plate (above 50 km depth) with a density of 3.0 g/cm?. In addition to the
results of Ergiin et al. (2005), the analysis of the gravity data presented in this study
reveals that the dip angle and the density of the subducting slab increases with depth
(from 2.92 g/em3 to 3.12 g/em?).

Due to thinner sediments on the top of the ESM, the continental block of the ESM causes
a gravity high at about 550 — 590 km offset.

Besides confirming the seismic model, the gravity data could contribute new structural
information such as the crustal structure of the region beneath the Cilicia basin, which
is only poorly resolved by the seismic data. In addition, the gravity modelling gives
some evidence for a shallow subducting plate, which still exists beneath south Turkey
at a depth of 60 — 80 km, which is greater than the maximum depth that the P-wave

velocity model from the wide-angle seismic data could resolve.
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4.4 Line Drawing Migration

As introduced in section 2.1 a wide-angle seismic experiment as presented in this study
has a different purpose compared to conventional reflection seismic investigations. Nev-
ertheless with some limitations it is possible to use the data achieved from the wide-angle
seismic experiment for imaging reflective structures in the upper crust. The limitations
are mainly related to the absence of multiple subsurface coverage (multifold seismic data),
which makes stacking the data impossible. For this reason, instead of classical seismic
stacking, a pre-stack imaging method is applied to the wide-angle seismic data. Due
to this methodology no continuous reflective structures in the upper sediments can be

expected.

To extend the existing information about the crustal structure of the offshore part south
of Cyprus with another geophysical method a newly introduced pre-stack line-drawing
migration method was performed (Bauer et al., 2013). This method was developed by
adopting the established concept of the Fresnel volume migration (Yoon et al., 2003;
Buske et al., 2009), and migrating line segments instead of waveforms. The pre-stack
line-drawing migration method provides depth sections with line segments representing
reflective structures derived directly from the data instead of full waveform images as

delivered by Fresnel volume migration (Bauer et al., 2013).

To extend the already modelled upper crustal reflection further north (Fig. 4.8) and
to reveal a detailed subsurface structural image of the accretionary wedge and the top
of the subducting plate eight ocean bottom seismometer stations south of Cyprus (nos.

20,21,22,24,25,28,29,30) were chosen for the pre-stack line drawing migration.

The first step of the procedure is the individual preparation of the seismic data. This
data processing includes band-pass filtering (Ormsby zero phase, corner frequencies:
2 Hz,5 Hz,25 Hz and 30 Hz), deconvolution (traditional Wiener-Levinsons spiking
deconvolution, automatic gain control (operator length of 500 ms), 80 ms operator
length, time window: 0 — 15000 ms), trace equalization and bottom mute. As an
example, the seismic section of station no. 24 is shown in Fig. 4.20 with all applied

processing steps as the input data for the further procedure.

In a second step a semblance analysis is performed to detect coherent events and to

determine the local slowness of the wavefield. This analysis is only performed between
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FIGURE 4.20: Example of input data (OBS 24) for pre-stack line-drawing migra-

tion. The section has been band-pass filtered (Ormsby zero phase, corner frequencies:

2 Hz,5 Hz,25 Hz and 30 Hz), deconvolution (traditional Wiener-Levinson spiking

deconvolution, 80 ms operator length) and an automatic gain control (operator length

of 500 ms) and trace equalization have been applied. Top and bottom mute have been
used during semblance analysis.

the top mute (to exclude the first arrival) and the bottom mute (to exclude multiple

phases; see Fig. 4.20).

The final step consists of pre-stack depth migration which is performed for every coherent

event and includes:

i) determination of isochrone (trajectory of potential reflection points),

ii) ray-tracing from the shot location (using slowness and velocity at shot location)

down to the reflection point at the isochrone and

iii) calculation of the reflector dip

The result of the pre-stack line drawing migration shows reflective structures at 5 —
22 km depth at the northern end of the studied region (at 490 km offset) and reflective
structures at 5 — 15 km depth beneath the southern end at 550 km offset. Thus the
bottom of the reflective structures in the upper crust (lower red dashed lines in Fig. 4.21)
apparently dips northwards. In addition many reflective segments show a northward dip
angle, which follows the dip of the suggested upper boundary of the subducting plate
(upper red dashed line in Fig. 4.21). Due to the applied bottom mute (see Fig. 4.20) the

maximum resolved depth is confined as shown in Fig. 4.21 (not resolved area is masked).
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At an offset of 525 — 530 km and a depth of 5 — 10 km the reflective segments
show a dip which is parallel to the dip of the already modelled reflection from the wide-
angle seismic data (red-white dashed line in Fig. 4.21). Beneath the accretionary wedge
reflective structures are observed along the 5.5 km/s isoline which probably defines the
boundary between the sedimentary unit and the crystalline basement (grey bar in Fig.
4.21) and therefore constrains the geometry of the accretionary wedge. Thus the results
of the pre-stack line drawing migration support the results of the wide-angle seismic
modelling by confirming the geometry of the accretionary wedge and the upper crustal
reflection. They also provide further evidence for a northward dipping crust beneath the
offshore region south of Cyprus. As shown in Fig. 4.21 the northward continuation of the
modelled upper crustal reflection and multiple northward dipping reflective structures

which are assigned to the northward subducting plate are revealed.
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FIGURE 4.21: Result of the pre-stack line-drawing migration for the offshore region
south of Cyprus, performed with ocean bottom seismometer nos. 20,21,22,24,25,28,29
and 30 shown by grey triangles. Red-white dashed line shows upper crustal reflection al-
ready modelled with secondary phases of the wide-angle seismic data (Fig. 4.8). Upper
red dashed line is the suggested upper boundary of the subducting plate (corresponds
to red dashed line Fig. in 4.14), grey bar shows the boundary between the accretionary
wedge and the crystalline basement. Lower red dashed lines show the bottom of the
reflective structures in the upper crust derived by the pre-stack line drawing migration.
Masked area is not resolved by the pre-stack line-drawing migration.
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4.5 Integrated Interpretation

The velocity distribution and crustal thickness of the region beneath Turkey constrain a
continental type of crust. The crustal thickness of 45 km and a low upper mantle P-wave
velocity of 7.8 km/s is derived from the combined analysis of the wide-angle seismic data
and the gravity data. These results are in agreement with previous investigations (Mutlu

and Karabulut, 2011; Gans et al., 2009; Vanacore et al., 2013).

The simultaneous thickening of the upper crust, an increasing P-wave velocity in the
upper crust, a change in Moho depth from 38 km to 45 km and the decreasing thick-
ness of the sedimentary cover at 90 — 100 km offset implies a lateral change in crustal
structure. Combined with the seismicity distribution in this area (from NEIC (USGS),
Kandilli Observatory and Earthquake Research Institute and Geological Survey Depart-
ment Cyprus), which shows high seismically active vertical zones (Fig.4.22) and geological
information (Fig. 1.3), two crustal blocks with different internal properties are defined.
The northern crustal unit corresponds to the Central Anatolian Crystalline Complex,
overlain by the sedimentary cover of the TuzGoli basin (TGB in Fig. 4.22). The inner
Tauride suture marks the boundary between the Central Anatolian Crystalline Complex
to the north and the Tauride block to the south. The northern part of the Tauride block
is overlain by the sediments of the Konya basin (KB in Fig. 4.22). From an offset of
185 km the Central Taurides mountains define the most southern part of Turkey along

the profile.

Due to the lack of seismic rays in the region of the Cilicia basin, the crustal structure
is mainly derived by gravity modelling. The gravity data are compatible with 3 km
thick sediments beneath the Cilicia basin and older (pre-Cilicia basin) sediments be-
neath northern Cyprus. Beneath the sediments at a depth of 5 — 15 km, the southern
edge of the upper continental crust is thought to exist, followed by high P-wave veloc-
ities (~ 7.2 km/s) derived from the wide-angle seismic data. This high velocity block
probably is a combination of a high velocity (lower) crust and a serpentinized mantle
wedge which could potentially have P-wave velocities of about 7.6 km/s if the degree
of serpentinization is about 20% (Hacker et al., 2003; Hacker and Abers, 2004). The

precise boundary between the high velocity (lower) crust (V, = 7.2 km/s) and the

91



Chapter 4. Crustal Modelling and Results

serpentinized mantle (V,, = 7.6 km/s) is not resolved. The fluids for the serpentiniza-
tion of the mantle wedge could have been derived from the subducting plate (see e.g.

Krawczyk et al., 2006 and references therein).

The wide-angle seismic data reveal that the ophiolite complex extends from the northern
coast of Cyprus to the southern coast of Cyprus (red area in Fig. 4.22) with a maximum
thickness of 12 km beneath Cyprus. Based on the tomographic P-wave velocity model
the knowledge about the location and geometry of the ophiolite complex beneath Cyprus

is substantially improved.

Both parts of the amphibian wide-angle seismic profile, namely the tomographic part
and the layered part, show features which indicate a northward subducting plate beneath
Cyprus. The tomographic part with the well constrained accretionary wedge provides
a first estimation of the dip angle of the subducting plate, which is confirmed by two
reflected phases of the southern land shot observed at the stations on Cyprus. The upper
and lower parts of the slab geometry (derived from gravity modelling) are also confirmed
by the seismicity distribution shown as black (hypocenters from regional networks) and

blue (hypocenters from global networks) circles in Fig. 4.22.

The seismicity distribution below 55 km depth (mainly from global catalog, blue circles
in Fig. 4.22) shows no well defined Benioff zone. However, the distribution of the
earthquake hypocentres indicates a slab which dips at an angle of about 28° which is in
good agreement with the slab geometry modelled with the wide-angle seismic and gravity
data presented in this study (Fig. 4.22). The uncertainties of these deeper hypocentres
are estimated to be 25 km in depth and a few tenths of a degree in the epicentral position

(Sipkin et al., 2000).

The combined analysis of wide-angle seismic and gravity data provides evidence for a flat
northward subducting slab with a dip angle of about 13° in the shallower part (above
55 km depth) increasing to about 28° in the deeper part (below 55 km depth), which
also has a higher density compared to the upper part (upper part: 2.92 g/cm3, lower
part: 3.12 g/em?).

Based on the tomographic P-wave velocity model, which reveals the velocity structure

beneath Cyprus and the ESM, it is possible to define crustal units and boundaries in
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these regions with a resolution which was never reached before. The high P-wave veloc-
ities beneath the area between Cyprus and the ESM mark the boundary between the
continental block of the ESM and a crust with a more oceanic affinity, which is subducted

beneath Cyprus (Fig. 4.22).

The amphibian offshore / on-offshore wide-angle seismic data reveal a northward increas-
ing Moho depth, from 28 km south of the ESM to 37 km north of the ESM, and which
is variable (32 km - 35 km) beneath the ESM. The topography of the Moho beneath the
ESM is a new insight into the crustal structure of the ESM contributed by the wide-angle
seismic tomography presented in this study. The area south of the ESM is interpreted

as the transition from continental to oceanic crust.
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FIGURE 4.22: Final geodynamic interpretation with associated geological units and
seismicity distribution (from NEIC (USGS), Kandilli Observatory and Earthquake
Research Institute and Geological Survey Department Cyprus). Blue circles show
hypocentres from the global PDE catalog. Black circles show seismicity from regional
networks (Turkey and Cyprus). Blue stars show earthquakes with magnitudes > 4.5
and red stars show earthquakes with magnitudes > 5.0. KB = Konya basin, TGB =
TuzGolii basin, CACC = Central Anatolian Crystalline Complex, CB = Cilicia basin,
AW = accretionary wedge, ESM = Eratosthenes Seamount.
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The angle of the subduction beneath Cyprus means that the subduction is defined as
a flat subduction (< 30°). It shows the same slab geometry as the subduction beneath
South America and Alaska (Fig. 4.23). Flat subducting slabs are often associated
with compressional continental advancing upper plates (Lallemand et al., 2005). The
subduction beneath Cyprus would be another example for this hypothesis.

distance from trench [km]

0 200 400 690 890

200 __Peru
g
2 Centrarlq\..
S 400~ Chile
flat subduction
600

FI1GURE 4.23: Comparison of flat subduction settings adapted from Lallemand et al.
(2005). Red solid line is flat subducting slab of the crustal model presented in this
study.

Comparing the results presented in this study with existing geodynamic models for the
ESM - Cyprus - south Turkey region (Schildgen et al., 2014), good correlations were found
with the concept of shallow slab break-off after the collision of the Eratosthenes Seamount
in the late Pliocene to early Pleistocene, crustal thickening above the subducting African

plate, mantle upwelling and rapid uplift of the Central Anatolian Plateau.

The existence of an accretionary wedge is a sign for young deposition of sediments and
recent earthquake activity is assigned to a suggested active subduction process. However,
in comparison to the Hellenic Arc subduction the Cyprus Arc subduction is much less
active in sense of plate motion and seismicity. Thus the state of subduction of the Cyprus
Arc is identified to be damped and locked by the collision of the continental block of the
Eratosthenes Seamount which is recently entering the subduction zone. This conclusion
is in good agreement with the results of Ergiin et al. (2005) and Robertson (1998a)
which showed that the subduction virtually ceased as the arrival of thicker, low-density
crust (the Eratosthenes Seamount) at the northern edge of the African plate results in

resistance to further subduction (Ergiin et al., 2005).
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The most likely explanation for the high velocity block beneath the Troodos ophiolite
complex (see Fig. 4.22) is the existence of lower crust and serpentinized mantle from
a rifted, thinned continental margin. Fig. 4.24 shows the schematic evolution from
a continental margin to a subduction setting which explains the existence of the high
velocity block beneath Troodos. The basin development south and north of Cyprus and
the overthrusting of the Kyrenia range are neglected in this schematic evolution. The
shown block model is in agreement with the previous models which conclude that the
whole ophiolite complex was obducted and emplaced above the continental margin about
75 million years ago (Blome and Irwin, 1985; Silantyev and Portnyagin, 2005) and that

Cyprus has been continuously uplifted since Late Miocene (Harrison et al., 2004).
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FIGURE 4.24: Schematic block model showing the evolution from a continental margin (a, 90 Ma), through the obduction of the Troodos ophiolites
(b, 75 Ma) to the northward subduction and uplift of Cyprus (¢, 10 Ma), which explains the existence of lower crust and serpentinized mantle
beneath the Troodos ophiolites.



Chapter 5

Conclusions

The velocity structure of an amphibian 650 km long N-S transect crossing the Eratos-
thenes Seamount, Cyprus and south Turkey was investigated down to the crust-mantle

boundary using wide-angle seismic data.

The evaluation of the tomography for the region of the Eratosthenes Seamount and
Cyprus reveals lateral variations in Moho depth (28 — 35 km) and P-wave velocities.
In general, the P-wave velocities beneath the Eratosthenes Seamount do not exceed
6.5 km/s throughout the whole crust with a thin sedimentary unit on the top. The
crust below the Eratosthenes Seamount is identified to be continental with a maximum
thickness of 35 km thinning towards the southern end of the profile (28 km thickness),
which is attributed to the transition to oceanic crust underlying the Levant basin. In
contrast to the crustal structure below the Eratosthenes Seamount, thick sediments (10 —
12 km), interpreted as an accretionary wedge, and higher velocities (6.5 — 7.0 km/s)
in the lower crust are observed between the Eratosthenes Seamount and Cyprus. These
features are interpreted as the transition zone to a thinner, high velocity crust (15 —

20 km and V,, = 6.8 km/s) which is subducted beneath Cyprus.

The analysis of the layered P-wave velocity model for the Anatolian plateau reveals
strong lateral variations in crustal and sedimentary thickness. The crust beneath the
TuzGoli basin is 38 km thick and thickens southwards to 45 km beneath the central
Taurides. The thickened crust beneath the whole Anatolian plateau is attributed to
the northward push of the African plate against the Anatolian micro-plate. The lateral

change of the crustal structure is assigned to the inner Tauride suture which separates
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the Central Anatolian Crystalline Complex in the north and the Taurus block in the
south. The upper mantle velocity beneath the Turkish part of the profile is identified
to be 7.8 km/s which is attributed to the Neogene-Quaternary volcanism of the Central
Anatolia Volcanic Zone. A high P-wave velocity block (V,, = 7.2 — 7.6 km/s) beneath
the region of the Cilicia Basin (at a depth of 15 — 35 km) and Cyprus is derived from
the wide-angle seismic and is identified to be the combination of high velocity (lower)

crust and serpentinized mantle from a rifted, thinned continental margin.

The accurate determination of the Moho depth and mantle velocity with wide-angle
seismic investigations such as presented in this study, provides an important and signifi-
cant insight into the crustal structure of southern Turkey, Cyprus and the Eratosthenes
Seamount. A subsequent gravity modelling along the profile extends and confirms the
revealed information about the crustal structure of the Anatolian plateau and Cyprus.
The combined analysis of seismic and gravity data provides evidence for a northward
dipping slab beneath Cyprus and the Cilicia basin with increasing dip (13° — 28°) and
increasing density (2.92 g/em3® — 3.12 g/ecm?). Based on the average P-wave velocity
(6.8 km/s) and crustal thickness (15 — 20 km) the subducted slab has a more oceanic
affinity. The deeper slab geometry (below 55 km depth) is constrained by gravity data
and seismological data and is identified to dip with an angle of ~ 28°, which is defined

as a flat slab subduction.

The results of the crustal structure presented in this study show good agreement with
independent previous investigations and existing geodynamic models for the eastern
Mediterranean, Cyprus and the Anatolian plateau. For the first time the detailed prop-
erties such as P-wave velocity and density as well as the geometry of the crustal structure
beneath the Erathosthenes Seamount, Cyprus and the Anatolian plateau were revealed.
The existence of a northward subducting plate beneath Cyprus was confirmed and new
insight into the geometry is provided. The presented integrated interpretation of seismic
data, gravity data and seismological data give a first estimation of the deeper part of
the subducting slab. To extend and improve the constraints on the deeper part of the
subducted plate further investigations are necessary. To investigate the region beneath
Cyprus and the Cilicia basin with higher resolution and to verify the results presented
in this study, it would be necessary to deploy seismic stations in the northern part of

Cyprus and again in southern Turkey, in combination with OBS stations and airgun
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shots in the region between Turkey and Cyprus as the receivers and sources for another

wide-angle seismic study.
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Appendix B

Legend of Geological Map of Cyprus

Geological map of Cyprus is shown in Fig. 4.4.
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Mamonia Terrane

B metavolcanics, metacherts & marbles, Ayia Varvara Form., U. Cretaceous
[l sediments, Ayios Photios Group, M. Triassic — M. Cretaceous
[Csediments & volcanics, Dhiarizos Group, M. Triassic — M. Cretaceous

Kyrenia Terrane

[Osediments, Kythrea Form., M. Miocene

[Dsediments, Lapithos Form., U. Cretaceous — Eocene

W sediments & rhyolites, Lapithos Form., U. Cretaceous — Eocene
[Jlimestones, Hilarion Form., Jurassic — L. Cretaceous
[dolomitic limestones, Sykhari Form., U. Triassic

B marbles & phyllites, Dhikomo Form., L. — M. Triassic

Circum Troodos Sedimentary Succession

CJalluvium—colluvium, Holocene

[Cterrace deposits, Pleistocene

Efanglomerate, Pleistocene

[Osediments, Apalos—Athalassa Kakkaristra Form., Pleistocene
[[Jsediments, Nicosia Form., Pliocene

B gypsum, marls & chalks, Kalavasos Form., U. Miocene
[Jlimestones, Koronia member, Pakhna Form., Miocene
[Jchalks & marls, Pakhna Form., Miocene

[Cchalks, marls & cherts, Lefkara Form., Palaeocene — Oligocene
[Cdebrites, Kathikas Form., U. Cretaceous

[’melange, Moni Form., U. Cretaceous

M clays & sandstones, Kannaviou Form., U. Cretaceous

Troodos Terrane (Ophiolite) - Olympos (Axis) Sequence - U. Cretaceous

B umbers, shales & mudstones, Perapedhi Form.
B upper pillow lavas
Elower pillow lavas
Ebasal volcanic group
[sheeted dykes (diabase)
Eplagiogranite

E gabbro

Epyroxenite

Ewehrlite

Edunite

M harzburgite

M serpentinite

Troodos Terrane (Ophiolite) - Arakapas (Transform) Sequence

M pillow breccia

W volcanogenic sediments — sandstones, grits & silts
[Dvolcanogenic sediments — breccias

Epillow lavas, hyaloclastites & sheet lava flows & dykes
[Cvitrophyric pillow lavas

M gabbros & norites

[ (plagioclase) wehrlites

Faults

4—4- Thrust fault
—— Fault (unspecified type)
— — Inferred fault
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