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Abstract

The interpretation of a comprehensive set of high-resolution multi-channel seismic reflection
profiles, multibeam bathymetry data and the litho- and bio-stratigraphic information from explo-
ration wells across the Antalya Basin and Florence Rise revealed important conclusions on the
Miocene to Recent tectonic evolution and the Messinian Salinity Crisis depositional history of the
eastern Mediterranean Basin.

This study clearly demonstrated the presence of a 4-division Messinian evaporite stratigraphy
in the eastern Mediterranean, similar to that observed in the western Mediterranean, suggesting the
existence of a similar set of depositional processes across the Mediterranean during the Messinian
Salinity Crisis. However, the stratigraphic and depositional similarities of the evaporites between
the eastern and western basins do not necessitate synchroneity in their depositional histories. The
fact that the only saline water source for the eastern Mediterranean is the Atlantic Ocean and that the
Sicily sill creates a physical barrier between the eastern and western Mediterranean impose several
critical conditions. A simple 2-D model is developed which satisfies these conditions. The model
suggests that the eastern and western basin margins experienced a nearly synchronized gypsum de-
position associated with the initial drawdown of the Mediterranean level, followed by the resedimen-
tation in the deep basins of the terrigenous and early evaporite deposits as the drawdown intensified.
The synchroneity of evaporite deposition across the eastern and western basins broke down as the
Sicily Gateway became largely subaerial during a period when the Calabrian Arc area experienced
uplift associated with slab break-off: the Sicily sill must have remained within a “goldilocks” zone
to allow the right amount of saline water inflow into the eastern Mediterranean so that evaporites
(massive halite) could be deposited. During this time, the sea level in western Mediterranean was at
the breach-level of the Sicily sill, thus no evaporite deposition took place there. The model suggests
that further restriction of the inflow occurred across the Betic and Rif gateways as these regions also

largely became subaerial associated with the uplift of the Gibraltar Arc region caused again by the
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lithospheric slab break-off. However, similar to the Sicily Gateway, the Betic and Rif gateways must
also have remained within the “goldilocks” zone to allow the right amount of saline water inflow into
the western Mediterranean so that massive halite could be deposited. The re-opening of the Betic
and Rif gateways reflooded the western Mediterranean first, then the eastern Mediterranean allowing
the deposition of a mixed evaporite-siliciclastic unit, followed by the transgressive sediments with a
distinctive brackish water Lago Mage fauna.

The interpretation and mapping of the tightly-spaced high-resolution multichannel seismic re-
flection profiles clearly improved our understanding of the Late Miocene—Recent tectonic and kine-
matic evolution of the Antalya Basin and Florence Rise and it is relationship with Cyprus-Eratosthenes
collision zone, along the plate boundary between the African Plate and the overriding Aegean-
Anatolian Microplate.

The pre-Messinian Miocene structural architecture of the Antalya Basin and its southwestern
extension into the Florence Rise is characterized by a very prominent broadly northwest-southeast
striking and largely southwest verging fold thrust belt, with occasional northeast verging back-thrusts.
During the Messinian a number of prominent thrusts remained active; however, numerous thrusts
which were active during the pre-Messinian Miocene became inactive. During the Pliocene—Quaternary
the stain was partitioned into five broadly northwest-southeast trending morpho-tectonic domains,
each delineated by a distinctive seafloor morphology: (a) a domain across the inner and western
Antalya Basin is dominated by extensional faults, (b) a domain immediately south of the extensional
faults, is characterized by contractional structures, (c) a halokinetic zone in southwestern Antalya
Basin north of the foothills of the Anaxagoras Mountain is characterized by numerous positive flower
structures beneath a corrugated seafloor, (d) a domain across the crestal portion of the Florence Rise
is dominated by prominent inversion structures, and (e) a domain across the northeastern and south-

western margins of the Florence Rise characterized by positive flower structures.
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Chapter 1

INTRODUCTION

1.1 Aim of this thesis

This thesis aims at achieving a deeper understanding of the Miocene to Recent interrelations be-
tween the structural, morphological and stratigraphic features of the northwestern sector of the east-
ern Mediterranean in relation to thick-skinned—thin-skinned tectonics, including halokinesis and the
events that are associated with the Messinian Salinity Crisis. More specifically, this thesis aims (a) to
outline the stratigraphic framework of the study area, (b) to describe the distribution of the Messi-
nian evaporite successions, which will be used to develop a stratigraphic model to understand the
Messinian depositional history of the study area in the content of the entire Mediterranean Sea, (c) to
determine the Miocene—Recent structural framework of the study area, (d) to delineate the overall
style of deformation in the uppermost Messinian—Quaternary successions and to explain how and
when the deformation formed, and what controls its distribution in the western Cyprus Arc.

The aims of the thesis have been met by detailed mapping from seismic reflection data in an area
of the eastern Mediterranean previously lacking such information. By filling this hole in knowledge,
I have been able answer some unresolved questions of the Miocene-Recent geology, especially I have

been able to provide a much better resolved picture of the variation in thickness, depth and internal



stratigraphy of the Messinian evaporites allowing me to develop an improved concept of the regional
variation from the western to eastern Mediterranean. In addition, my mapping has enabled me to

provide a more thorough examination of the regional structure and its dynamic interpretation.

Why the eastern Mediterranean?

The Mediterranean Sea and its surrounding land mass have long been recognized as an excellent
“natural laboratory” for the study of fundamental plate tectonic processes, including rifting, passive
margin development, contraction and associated subduction, ophiolite emplacement and orogenesis
(Figs. 1.1, 1.2; Robertson, 1998; Aksu et al., 2005a). Numerous previous studies have documented
the ubiquitous occurrence of thick evaporite successions across the eastern Mediterranean (e.g., Hsii
et al., 1973; Cita et al., 1978a,b; Gradmann et al., 2005; Unit 2 of Hall et al., 2005a,b; and Igler et
al., 2005; Netzeband et al., 2006; Lofi and Berné, 2008; Ryan, 2009; Garcia-Castellanos et al., 2009;
Urgeles et al., 2010; Garcia-Castellanos and Villasefior, 2011), thus the region is regarded as a world
class example of salt deposition and the associated halokinesis. The evaporites were deposited during
the desiccation of the Mediterranean associated with the “Messinian Salinity Crises” (e.g., Cita et
al., 1978a,b). The deep basins of the eastern Mediterranean Sea are also used for studying (a) thick-
skinned tectonics with irregular geodynamics and (b) salt tectonics with extensive salt deposition
and its implications on post-salt and pre-salt activities (e.g., Hsii et al., 1978; Dixon and Robertson,
1984; Kastens et al., 1990; Emeis et al., 1996; Robertson, 1998; McClusky et al., 2000; Sellier et
al., 2013a,b).

Today, the tectonic framework of the eastern Mediterranean is characterized by the last phase
of convergence between the African and Eurasian plates and the displacement of the smaller Ara-
bian and Aegean-Anatolian microplates (Figs. 1.1, 1.2; McKenzie, 1972; Dewey and Sengor, 1979;
Dewey et al., 1986; Le Pichon and Kreemer, 2010). The boundary between the African Plate and

the Aegean-Anatolian Microplate is delineated by the Hellenic Arc and the Pliny-Strabo Trenches in
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Figure 1.1: Simplified tectonic map of the broader eastern Mediterranean region showing the prominent
fault zones (thin red lines), plate boundaries as defined by the position of the hard boundary of the overriding
lithosphere (thick red lines, from Aksu et al., 2009), and the triple junctions (small white circles). The topog-
raphy is compiled using GeoMapApp (Ryan et al., 2009), and shaded using Global Mapper. The multibeam
bathymetry from the high-resolution EMODnet (European Marine Observation and Data Network, Portal for
Bathymetry, http://www.emodnet-hydrography.eu/). The coastline is taken from the International Bathymet-
ric Charts of the Mediterranean (IOC, 1981). Pink inset = study area, half arrows = transform/strike-slip faults

(modified from Aksu et al., 2009).
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Figure 1.2: Simplified tectonic map of the eastern Mediterranean Sea and surrounding regions, showing
major plate/microplate boundaries and ophiolitic rocks, ac= Antalya Complex, bb= Baér Bassit Complex, fc=
Fethiye Complex, hk= Hatay—Kizildag Complex, tc= Troodos Complex. Small white circles= DSDP Sites

375 and 376, half arrows= transform/strike—slip faults, pink inset = study area.



the west and the Florence Rise, and Cyprus Arc in the east (Figs. 1.1, 1.2; Le Pichon and Kreemer,
2010). The Florence Rise forms a prominent bathymetric high that connects with the Anaxagoras
Mountains towards the northwestern end of the Cyprus Arc (i.e., the eastern boundary at the level of
crystalline basement between the African Plate and the Aegean—Anatolian microplate) and separates
two main salt-bearing basins, the Antalya Basin in the north and the Herodotus Basin in the south
(Figs. 1.1, 1.2; Robertson et al., 1998b). The Antalya Basin is a predominantly marine depocentre,
situated in a forearc setting between Florence Rise in the south and the Taurus Mountains of southern
Turkey in the north (Figs. 1.1, 1.2).

The kinematics and structural setting of the eastern Mediterranean varies considerably in both
time and place, reflecting the rate of the plate convergence, subducting slab geometry (angle of the
subducting slab) and the thickness of sediments above the crystalline basement. Those aspects re-
lated to the structural complexity of the eastern Mediterranean are further influenced by the variable
thickness and lateral extent of evaporites resulting from the Messinian desiccation of the Mediter-
ranean Sea. Despite the fact that numerous studies have been carried out on the style and timing
of deformation and depositional process in the eastern Mediterranean, significant controversy ex-
ists regarding the Miocene-Recent tectonic and sedimentary evolution of the area, including (i) the
determination of the structural elements and the age of the deformation along the western Cyprus
Arc, (ii) the delineation of the uppermost Messinian-Quaternary structural and deformation style
and (iii) the determination of Miocene-Recent depositional history of the eastern Mediterranean,
including the Messinian Salinity Crisis. My work has provided new seismic data and geological in-
terpretation in the southern Antalya Basin, the Florence Rise and Anaximander mountains enabling
me to fill a significant knowledge gap in the Messinian story and so allowing me to come to new con-
clusion on the Messinian-Recent history of this part of the Mediterranean and it is implications for
the regional evolution of the entire Mediterranean Sea. This PhD thesis provides new multi-channel

high resolution seismic data and interpretation from the Florence Rise and Antalya Basin in western



Cyrus Arc, which are used (a) to better understand the Miocene-Recent structural and depositional
history of the eastern Mediterranean and (b) to better define the responses of the eastern Mediter-
ranean environment to the Messinian Salinity Crisis event, from a stratigraphic and structural point

of view as well as from a salt tectonics point of view.

This thesis presents new results on:

The strain pattern through time along and across the Florence Rise and Anaxagoras Mountain.

o The relationship of the Messinian in two areas, Antalya Basin and Herodotus Basin, separated

by the Florence Rise..

e Explaining why the lower mobile unit (halite) in the Messinian is much thicker in the eastern

Mediterranean Sea than its counterpart in the western Mediterranean Sea.

¢ A new model of the Mediterranean-wide depositional history of the Messinian that can account
for the observed lithologies and chronologies of the successions associated with the Messinian

Salinity Crisis in the west and east.

1.2 Specific scientific objectives

The specific scientific objectives of this thesis can be classified under the following three broad

categories:

Seismic stratigraphy

e to construct a detailed seismic stratigraphic framework for the Antalya Basin and Florence Rise
and provide correlations between the offshore seismic stratigraphy and offshore and onshore

boreholes and outcrop in eastern Mediterranean;



e to produce detailed isopach maps for the uppermost Pliocene—Quaternary and Messinian suc-
cessions, so to determine the regional distribution and variation of the stratigraphic sequences

within the study area;

Messinian Salinity Crisis

e to delineate the main stratigraphic characteristics of the evaporites and the overlying upper-
most Pliocene—Quaternary successions across the eastern Mediterranean, so as to develop a
sequence stratigraphic model that will explain the fractionation of the evaporite facies between
different paleo-bathymetric settings that will permit prediction of the temporal evolution of the

sediments associated with the Messinian Salinity Crisis across the Mediterranean basins;

e to determine the relationship between different stages of the Messinian Salinity Crisis and
global events, particularly of sea level changes, so as to develop a “desiccating deep basin

model” for the Messinian Salinity Crisis in the eastern Mediterranean;

Tectonics and kinematics

e to produce detailed tectonic maps of the pre-Messinian Miocene, Messinian and uppermost
Pliocene—Quaternary, so as to delineate the tectonic and kinematic evolution of the eastern

Mediterranean since the Miocene;

o to identify the geometric characteristics and regional distribution of halokinetic structures and
the relationship between the ductile top salt and the overlying brittle cover so as to develop a
model for the evolution of the localized dissolution structures, and to explain how and when

they formed, and what controls their distribution in the western Cyprus Arc area..



1.3 Thesis Layout

The thesis is divided into seven chapters, three of which are the main result chapters (Chapters 3,
4 and 5). These represent a logical series of arguments relating to the structural and sedimentary
evolution of the eastern Mediterranean.

Chapter 1 reviews the geological setting of the study area, including the background geology
with the structural and morphological elements and Messinian Salinity Crisis event of the eastern
Mediterranean and general geological uncertainties in the eastern Mediterranean. Chapter 1 also
points out the aim of this PhD thesis and the thesis layout. Chapter 2 reviews the data and methods
used for this research. This includes the 2D multi-channel seismic data collecting and processing
and how it is interpreted. There is also a summary of the various types of mapping and the seismic-
to-well correlation methods used for this study.

Chapter 3 describes the Miocene-Recent stratigraphy and within the study area.

Chapter 4 focuses on seismic and sequence stratigraphic analysis of the Messinian evaporite
deposits and describes their temporal and spatial distribution with new high resolution seismic re-
flection data collected from the western Cyprus Arc, eastern Mediterranean and discusses the con-
sequences and correlations with the global sea-level variations.

Chapter 5 describes regional distribution and variation of the geological structures and the
stratigraphic sequences from Late Miocene to Recent within the study area. In this chapter I used
structural analysis of multichannel seismic data to produce the several structural maps to delineate
the main structural and morphological domains (extensional, translational and contractional). This
chapter also describes the primary driving mechanism of the deformation style and its distribution
in the uppermost Messinian-Quaternary sedimentary cover. I used structural analysis of multichan-
nel seismic data and uppermost Messinian-Quaternary structural maps to evaluate the implication
of regional tectonics and salt tectonics (including both salt dissolution and gravitational loading)

and their impact on stratigraphic and structural deformation in the uppermost Messinian Quaternary



succession.

Chapter 6 draws together the conclusions of Chapter 3 and 5. The discussion distinguishes:
(i) the role of thick-skinned tectonics depending on the local geodynamic settings and its influence
on the thin-skinned tectonics of the study area, (ii) distinguishes the summary of structures from the
southern fringes of the Mediterranean Ridge across the entire forearc region into Taurus Mountains
of southern Turkey and focusses on the uppermost Messinian—Recent (i.e., Unit 1) tectonic evolution
along the western Cyprus Arc.

A final overview based on the structural evolution of the eastern Mediterranean presented in this
thesis and its placement in a broader scientific context is given in this discussion chapter. Finally, the
implications, and limitations of the research are discussed and proposals for future work conclude
the chapter.

Chapter 7 draws together the conclusions of Chapter 3 and 4 and discusses the temporal and
spatial seismic facies variations of the Messinian evaporites across the study area and a depositional
model of the Messinian Salinity Crisis event in the eastern Mediterranean. A final overview based
on the sedimentary evolution of the eastern Mediterranean during the Messinian Salinity Crisis and
its placement in a broader scientific context is given in this chapter. Finally, the implications, and
limitations of the research are discussed and proposals for future work conclude the chapter.

Chapter 8 lists the salient conclusions of the thesis.

1.4 Tectonic and kinematic evolution

1.4.1 Geological Background of the Eastern Mediterranean

The tectonic and stratigraphic evolution of the eastern Mediterranean began in the late Paleozoic,
during the opening of the Neo-Tethys Ocean (Dewey et al., 1973; Dewey and Sengor, 1979; Sengor

et al., 1985; Le Pichon et al., 1982; Dewey et al., 1986; Robertson et al., 1991; Schattner, 2010).



A period of rifting started at the northern margin of Gondwana in the Late Permian and continued
throughout the Early Triassic. In the Middle to Late Triassic, the final breakup of Gondwana took
place, initiating the opening of the southern portion of the Neo-Tethys Ocean. During the Juras-
sic and Early Cretaceous, ocean-floor spreading continued while the margins of the southern Neo-
Tethys Ocean experienced passive margin development and subsidence. The opening of the South
Atlantic Ocean resulted in the convergence of the African and Eurasian plates during the Cretaceous
and the development of two subduction zones: a southerly, intra-oceanic subduction zone, and a
northerly subduction zone below the Eurasian continental margin (Livermore and Smith, 1985).
During the Eocene, the remaining Neo-Tethys Ocean was subducted beneath the Eurasian Plate and
the northerly-directed subduction persisted under the south-central segment of the Eurasian Plate
(which later became southeastern Turkey) through the latest Paleocene (Fig. 1.3; Dewey et al., 1973;
Sengor et al., 1985; Dercourt, 1986; Robertson et al., 1998a; Montadert et al., 2010).

The post-Eocene tectonic framework of the eastern Mediterranean is characterised by the col-
lision between the African and Eurasian plates, and the development and displacement of smaller
Aegean-Anatolian and Arabian microplates (Figs. 1.1, 1.2; Dewey et al., 1973; Sengor and Yilmaz,
1981; Sengor et al., 1985; Sage and Letouzey, 1990; Robertson et al., 1998b; Vidal et al., 2000).
Today, the boundary between the Arabian Microplate and the African Plate is delineated by the
north-south trending sinistral Dead Sea Transform Fault zone (Fig. 1.1), which developed as the re-
sult of the onset of the rifting/drifting in the Red Sea during the Oligocene-Miocene (Fantozzi and
Sgavetti, 1998; Watchorn et al., 1998). The northward movement of the Arabian Microplate and its
eventual collision with the Eurasian Plate in the Late Miocene-Early Pliocene resulted in the clo-
sure of the southwestern arm of the Neo-Tethys Ocean (i.e., the Bitlis Sea) and the suturing along
the Bitlis-Zagros zone of southeast Turkey and northwest Iran (Sengdr and Yilmaz, 1981). This
collision initiated the westward tectonic escape of the Aegean-Anatolian Microplate along two ma-

jor transform fault systems: the North and East Anatolian Transform faults (Fig. 1.2; Sengor et al.,
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Figure 1.3: Physiography of the eastern Mediterranean Sea showing the GPS vectors, relative to a fixed
Eurasia, redrawn from McClusky et al. (2000). The topography is compiled using GeoMapApp (Ryan
et al., 2009), and shaded using Global Mapper. The multibeam bathymetry are from the high-resolution
EMODnet (European Marine Observation and Data Network, Portal for Bathymetry, http://www.emodnet-
hydrography.eu/). BPM= Bitlis-Piitiirge Massif, EAAC= east Anatolian accretionary complex, EACP= east
Anatolian contractional province, RPA= Rhodope—Pontide Arc. The coastline is taken from the International
Bathymetric Charts of the Mediterranean (I0C, 1981). Plate boundaries are from Aksu et al. (2009). Pink

inset = study area.
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1985).

The North Anatolian Fault zone extends from the Karliova triple junction in eastern Turkey west-
ward into the Marmara Sea and then to the northern Aegean Sea, forming a gently arcuate dextral
strike-slip fault system delineating the boundary between the Aegean-Anatolian Microplate and the
Eurasian Plate (Figs. 1.1, 1.2). The sinistral East Anatolian Fault zone defines the boundary between
the Aegean-Anatolian and the Arabian Microplates (Figs. 1.1, 1.2). It extends from the Karliova
triple junction in eastern Turkey toward the southwest, tracing the northwestern fringes of the Bitlis-
Zagros suture. This fault zone meets the sinistral Dead Sea Fault zone and the northeast continuation
of the Cyprus Arc, the Amanos Fault zone, at the Maras (sometime referred to as the Kahraman-
marag) triple junction (Figs. 1.1, 1.2; Sengor et al., 1985).

The deformation front along the boundary between the Aegean-Anatolian Microplate and the
African Plate is defined by two large crustal-scale arcuate structures: the Cyprus Arc in the east and
the Hellenic Arc in the west (Fig. 1.1). This double arc system forms a good example of imminent
continental collision governed by promontories and irregularities at the plate boundary (Woodside et
al., 2002; ten Veen et al., 2004). The Cyprus Arc forms the boundary between the Aegean-Anatolian
Microplate in the north, and the African Plate in the south. The Cyprus Arc is connected to the
Hellenic Arc in the west and to the Dead Sea Fault and East Anatolian Fault zones in the east, and
comprises several distinct morphological domains. To the west, the Cyprus Arc is delineated by the
southeast-northwest-trending Florence Rise (Figs. 1.1, 1.2; Hsii et al., 1978; Woodside et al. 2002).

South of the Cyprus Arc, the Eratosthenes Seamount forms a prominent bathymetric high situ-
ated on the northern edge of the African Plate (Fig. 1.1). International Ocean Discovery Program
(IODP) results show that the Eratosthenes Seamount consists of Cretaceous-Miocene carbonate
successions, which overly an intermediate-thickness attenuated continental crust (Robertson et al.,
1998a). Robertson inferred that Eratosthenes Seamount is a continental fragment developed along

the northern margin of the African Plate during the rifting of the Neo-Tethys Ocean. The progres-
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sive subduction of the African Plate beneath the Cyprus Arc was significantly disrupted during the
Late Pliocene—Early Pleistocene by the collision of the Eratosthenes Seamount and the Cyprus Arc
(Fig. 1.1; Robertson et al., 1998a; Kempler, 1998). Cessation of subduction south of Cyprus, and
the continued northeastward motion of the African Plate changed the deformation style, and initi-
ated a low rate of relatively oblique convergence between the Aegean-Anatolian Microplate and the
African Plates (Figs. 1.1, 1.2; Le Pichon et al., 1995; Kabhle et al., 2000; McClusky et al., 2000).
Along the eastern Cyprus Arc, the collision has been accommodated by localized sinistral shearing,
while to the west of the arc, dextral shearing along the Florence Rise has been accommodating the
collision between the two plates (Woodside et al., 2002). The now-sutured Hecataeus Ridge north of
the Cyprus Trench and the Mamonia and Troodos Complexes suggest that the process of microplate

accretion has been a common process in the evolution of the island of Cyprus (Robertson, 1998).

1.4.2 Present-day GPS vectors

Present day Global Positioning System (GPS) vectors show that in regions where the convergence
is orthogonal, the strain is defined by subduction and related processes, whereas in regions where
the convergence is oblique, the strain is controlled by strikeslip deformation (Fig. 1.3; Reilinger et
al., 1997; McClusky et al., 2000; 2003). GPS vectors calculated relative to a fixed Eurasian Plate
show the details of the deformation within the Aegean-Anatolian Microplate (Fig. 1.3). North of
the Eastern Anatolian Fault zone the GPS vectors are oriented toward the northwest with slip ve-
locities of generally less than 10 mm year~!. Across the central Anatolia there is a visible increase
in the GPS velocities to 10-20 mm year~! with vectors broadly oriented in a westerly direction.
Farther west across the northern Aegean Sea, there is notable swing of the GPS vectors toward the

southwest, and a clear increase to velocities of 20-30 mm year ~!.

The GPS velocities continue
to increase toward the Hellenic Arc >40 mm year ~'. This velocity structure is interpreted as the

result of the tectonic escape of the Aegean—Anatolian Microplate following the collision of the Ara-
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bian Microplate with Eurasia in Late Miocene. So, the Aegean-Anatolian Microplate is pushed west
along the dextral North Anatolian Fault and sinistral East Anatolian Fault (Fig. 1.3). To the west,
the Aegean-Anatolian Microplate is colliding with the Apulia-Adriatic block (Figs. 1.1, 1.3; Under-
hill, 1989), forcing it to progressively rotate counterclockwise and swing toward the free face along
the Hellenic Arc (Mann, 1997). The westward displacement and counterclockwise rotation of the
Aegean-Anatolian Microplate are driven by the north-northwest push of the Arabian Microplate and
the pull of the subducting African Plate beneath the Hellenic Arc (McClusky et al., 2003). The
motion between the Arabian Microplate and African Plate is accommodated by the sinistral Dead
Sea Fault. The boundary between the African Plate and Aegean-Anatolian Microplate is delineated
by the Hellenic Arc and the Pliny-Strabo Trenches in the west and the+ Florence Rise and Cyprus
Arc in the east (Sellier et al. 2013a,b; Schattner and Lazar, 2014). The western segments of the
two arcs are perpendicular to the motion of the African Plate relative to the Aegean-Anatolian Mi-
croplate, forming the subduction-collision zones whereas the Pliny-Strabo Trenches and the Tartus
Ridge are sub-parallel to the slip vector, with a mainly sinistral motion (Vidal et al., 2000; Mascle
et al., 2000; Woodside et al., 2002; Zitter et al., 2003). The Eratosthenes Seamount—a microconti-
nental block on the northern margin of the African Plate—is presently choking the subduction zone
south of Cyprus: thrusting has already jumped south of Eratosthenes (Welford et al., 2015). An
earlier block—the Hecateus Ridge-may already sutured with Cyprus, causing the uplift of the island.
Thus, the transition from subduction of oceanic crust to collision of continental lithosphere is taking
place by downthrusting of continental lithosphere resistant to subduction, overthrusting and uplift of
the overriding lithosphere and complex shunting of continental blocks in the broadening subduction

and/or collisional zone.
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1.4.3 Structural and Morphological Elements of the Eastern Mediterranean

Various morpho-tectonic features observed in the eastern Mediterranean reflect the complexity of the
region. The regional distribution and character of these features are prominent in the analysis of the
tectonic processes since they comprise evidence of previous and recent tectonic activity (Figs. 1.1,

1.3).

Hellenic Arc

The Hellenic Arc defines the western boundary of the convergence between the African Plate and
the Aegean-Anatolian Microplate. The evolution of the Hellenic Arc began during the initiation of
subduction of the African Plate beneath the Aegean Anatolian Microplate in Late Miocene (Mascle
et al., 1986). Subduction beneath the Hellenic Arc can be traced along the Ionian Trench which
extends from the Ionian Sea in the northwest, encircles the southern shores of Crete and swings to
the northeast, where it is linked with Cyprus Arc by three prominent sinistral strike-slip fault sys-
tems along the Ptolemy, Pliny and Strabo trenches and by the prominent Anaximander Mountains
(Figs. 1.1, 1.2; Sengor and Yilmaz, 1981; Ryan et al., 1982; Dewey et al., 1986; Sage and Letouzey,
1990; ten Veen et al., 2004; Aksu et al., 2009). The Ptolemy, Pliny and Strabo trenches represent the
eastern portion of the Hellenic trench system (the physiographic expression of central Hellenic Arc)
and each consists of several southwest-northeast—trending elongate depressions. The Ptolemy and
Pliny trenches are very prominent with depths varying from 2000-3630 m and 2000—4450 m, respec-
tively. The Strabo Trench is less pronounced with a shallower depth in the southwest (~2800 m) that
becomes deeper (~3200 m) towards the northeast, where it gradually plunges into the deep Rhodes
Basin, ~4700m (Figs. 1.1, 1.3). The Pytheus Trench is defined by a chain of southeast elongate de-
pressions, and lies south of the Rhodes Basin, Anaximander Seamounts and Florence Rise, linking
the Cyprus Trench (the physiographic expression of central Cyprus Arc) to Tartus Ridge (Figs. 1.1,

1.2). The Cyprus Trench is situated between Cyprus and the Eratosthenes Seamount and extends
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eastward where it merges into the >1000 m deep Cyprus Basin (Fig. 1.1).

Cyprus Arc

The Cyprus Arc forms the boundary between the Aegean-Anatolian Microplate in the north, and
the African Plate in the south (Figs. 1.1, 1.2). The Cyprus Arc is connected to the Hellenic Arc
in the west and to the Dead Sea Fault and East Anatolian Fault zones in the east, and comprises
several distinct morphological domains. To the west, the Cyprus Arc is delineated by the southeast-
northwest trending Florence Rise (Hsii et al., 1978; Woodside et al., 2002; Sellier et al., 2013a,b),
which connects to the greater Anaximander Mountains through the eastern Anaxagoras Mountain,
forming a notable east-west trending bathymetric feature that rises from the abyssal plain to a depth

of 1559 m (Fig. 1.1).

Florence Rise

Sage and Letouzey (1990) described the Florence Rise as the expression of a pre-Messinian accre-
tionary wedge which contained many north-dipping reflectors. However, recent work by Sellier et
al. (2013a,b) indicated that the uplift of the Florence Rise to the south may be post-Messinian in
age, and that it may be possibly related to the salt tectonics. Giermann (1966, 1969) pointed to the
structural and sedimentological similarities between the Florence Rise and the Kyrenia Range and
argued that they were parts of a once continuous arc. However, subsequent studies showed that the
Kyrenia Range extended toward the northeast linking with the Misis Mountains of southern Turkey
(e.g., Aksu et al., 2005a; 2014a,b; Walsh-Kennedy et al., 2014) as well as toward the northwest link-
ing with the Aksu Thrust of the onland Antalya Basin (Isler et al., 2005; Hall et al., 2014a), forming a
prominent arcuate belt, often referred to as the Misis-Kyrenia-Aksu fault zone. These studies clearly
documented that the Florence Rise is a separate entity south of the Misis-Kyrenia-Aksu fault zone

(Aksu et al., 2005; 2014a,b; Isler et al., 2005; Hall et al., 2014a; Walsh-Kennedy et al., 2014).
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Deep Sea Drilling Project (DSDP) Sites 375 and 376 (Hsii et al., 1978) sampled the upper sedi-
mentary successions across the Florence Rise (Fig. 1.2). Seismic reflection data and the results from
the DSDP Site 375 show that the Messinian-lowermost Pliocene evaporites are either missing or
very thin across the Florence Rise, and that the structure was a pre-Messinian high which must have
stood above the depositional base of the Messinian evaporites (Fig. 1.4; Sage and Letouzey, 1990;

Woodside et al., 2002; Sellier et al., 2013a,b).

0
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Figure 1.4: Line drawing of a deep-penetrating seismic line across the Florence Rise (redrawn from Sellier

et al., 2013a; which is modified from Sage and Letouzey, 1990).

Previous studies suggested that the principal relief of the Florence Rise is caused by flower struc-
tures in post-Miocene sediments to the southwest of the ridge (Woodside et al., 2002; Zitter et al.,
2003). Traced from the Herodotus Basin toward the Florence Rise (i.e., from south to north), the
Messinian-lowermost Pliocene evaporites pinch out across the core of the rise (Fig. 1.4; Woodside
et al., 2002). Giineg (2009) showed that further to the north, the Messinian evaporites form a north-
thickening wedge which is nestled on the northern fringes of the Florence Rise. Thus, the Messinian
evaporites are absent over the crustal region of the Florence Rise, where the major erosional M- and
N-unconformities converge to form a prominent composite unconformity. At the southern part of the
Florence Rise, a fold belt domain appears on seismic data (Giines, 2009), which can be correlated

with the Mediterranean Ridge.
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Anaximander Mountains

The Anaximander Mountains (sensu lato) are located at the junction of the Hellenic and Cyprus
arcs, southwest of the Antalya Basin, immediately south of the Finike Basin and northwest of the
Florence Rise (Fig. 1.1, 1.2, 1.3). They consist of three main morpho-tectonic elements that rise
~2000 m above the deep abyssal plain of the Antalya and Herodotus Basins, reaching relatively
shallow depths of less than 1000 m. These are the Anaximander Mountain (sensu stricto) in the
northwest, the Anaxagoras Mountain in the east, and the Anaximenes Mountain in the southwest
(Fig 1.3). The Anaximander Mountain (sensu stricto) and the Anaximenes Mountain formed dur-
ing the Pliocene—Quaternary, due to reactivation, uplift and rotation of a linked, thick-skinned pre-
Messinian imbricate thrust fan (Aksu et al., 2009). Aksu et al. (2009) argued that the morphology of
the submarine mountains was accentuated in both regions by the development of back thrusts, and the
Anaximenes Mountain experienced a progressive counter clockwise rotation, while the Anaxagoras
Mountain and the Florence Rise experienced a clockwise rotation. They concluded that these tec-
tonic events were responsible for the present-day arrowhead-shaped morphology of the Anaximander

Mountains (sensu lato).

Antalya Basin

The Antalya Basin is a deep depocentre situated between the foothills of the Taurus Mountains in
the north and the Florence Rise in the south (Figs. 1.1-1.3). To the east it is connected to the Outer
Cilicia Basin through the Anamur—Kormakiti zone, whereas in the west it is bounded by the Kemer
Peninsula. The continental shelf around the Antalya Basin is very narrow, ranging between 2 and
6 km. The shelf-slope break occurs at ~100-150 m depth, and steep slopes lead to the continen-
tal rise and abyssal plain. There is no multibeam data from the Antalya Basin, but the available
bathymetry maps with 200 m isobaths show that the slope face is dissected by numerous submarine

canyons, presumably feeding submarine fans, similar to those seen in continental slopes around the
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western Mediterranean (Droz et al., 2001; Lastras et al., 2002). The continental rise occurs between
1800 and 2000 m water depth, where the slope gradient decreases considerably. The abyssal plain
occurs at ~2200-2400 m water depth: the maximum depth of ~2600 m is observed as a near-circular
depression in a central location within the Antalya Basin.

Previous studies have documented the complex tectonic architecture of the Antalya Basin and its
role in the Miocene—Recent kinematic evolution of the eastern Mediterranean (Glover and Robert-
son, 1998a,b; Isler et al., 2005; Sage and Letouzey, 1990; Woodside et al., 2002; Hall et al., 2014a).
Isler et al. (2005) outlined a two phase history for the Miocene—Recent kinematic evolution of the
Antalya Basin. The first phase, during the Miocene, was dominated exclusively by compressional
tectonism. This phase of deformation affected the entire Antalya Basin and is represented by sev-
eral major northwest—southeast-striking, and predominantly north-dipping and south-verging thrust
culminations. These thrust culminations created a series of elongated to tear-drop-shaped piggy-
back basins within which thick Pliocene—Quaternary successions developed. A fundamental change
in kinematic regime occurred during the transition from the Miocene to the Pliocene—Quaternary,
when the strain was partitioned into discrete domains and the broad fold—thrust belt was overprinted
by extensional/transtensional faults in the northeastern Antalya Basin, while transpression dominated
the southwestern Antalya Basin. Hall et al. (2014a) suggested that the Miocene—Recent kinematic
evolution of the western Antalya Basin occurred in three phases based on structures and their associ-
ations observed in the seismic reflection profiles. Phase 1 (pre-Messinian Miocene) is characterized
by structures developed during a period of protracted contractional deformation. The deformation
associated with Phase 1 also extends eastward toward the Kyrenia Range of northern Cyprus and
southward toward the Florence Rise. During Phase 2 (Messinian) the entire Antalya Basin became a
deep largely sub-aerially exposed basin, with very shallow water depth. Most of the Miocene thrust
activity ceased during Phase 2, with Miocene thrusts terminating at or below the M-reflector (top

of Messinian evaporites) and the absence of growth strata development within the evaporite suc-
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cession. Phase 3 (Pliocene—Quaternary) deformation is spatially partitioned and characterized by

transtension and transpression, partly reactivating older structures.

1.4.4 Segmentation of the NE Mediterranean Miocene basins

The evolution of the Miocene basins in the eastern Mediterranean is controlled by the development
of a large, nearly east—west-trending foredeep in front of the Tauride fold—thrust belt (Williams et al.,
1995; Aksu et al., 2009; Hall et al., 2009). The Tauride culmination was characterized by an arcuate
thrust front that delineated a broad syntaxis, comprising several smaller thrust culminations which
developed in the foredeep itself. There are remarkably similar marine Aquitanian—Tortonian suc-
cessions in the onland Mut and Adana basins (Eris et al., 2005; Safak et al., 2005), Aksu, Kopriicay
and Manavgat basins (Poisson et al., 2003a,b; Deynoux et al., 2005; Karabiyikoglu et al., 2005) and
the Mesaoria Basin of central Cyprus (Robertson and Woodcock, 1986). The depositional similar-
ities further continue into the fold—thrust panels of the Misis Mountains (Gokcen et al., 1988) and
the Kyrenia Range (Calon et al., 2005a,b), the Aksu Thrust (Poisson et al., 2003a,b), as well as the
marine Cilicia, Iskenderun, Antalya and Finike basins (Figs. 1.1, 1.4; Uffenorde et al., 1990; Aksu et
al., 2005a,b, 2009, 2014c; Isler et al., 2005). These strong regional depositional similarities suggest
the presence of a single large basin in the Early Miocene which encompassed what are now seem-
ingly isolated basins in the eastern Mediterranean. This large ancestral basin probably extended
from the Karsanti and Marag basins in the east (Calon et al., 2005a; Hall et al., 2005a; Ilgar and
Nemec, 2005; Satur et al., 2005; Hiising et al., 2009) into the Antalya and Kasaba basins in the west
(Isler et al., 2005; Ciner et al., 2008). The development of crustal-scale thrust culminations (e.g.,
the Misis—Kyrenia—Anamur lineament;(Aksu et al., 2014a,b)), the Amanos—Larnaka fault zone (Hall
et al., 2005a; Aksu et al., 2005b) and the Tartus ridge (Hall et al., 2005b), are perhaps associated
with the onset of escape tectonics related to the final collision of the Arabian and Aegean—Anatolian

microplates in the latest Miocene and Pliocene—Quaternary (Sengor et al., 1985), which essentially
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split the foredeep into several large piggy-back basins: the Mut—Adana—Cilicia basin complex, the
Iskenderun—Latakia—Mesaoria basin complex, and the Cyprus, Antalya, Finike and Rhodes basins
(e.g., Calon et al., 2005a; Hall et al., 2005a, 2009; Aksu et al., 2005a,b). While the origins of these
basins lie in Miocene contraction, extensional structures are overprinted on them in many places,
especially during the Pliocene to Recent, reflecting regionally-variable transtension. Within this
context, the Antalya Basin forms a predominantly marine depocentre, situated in a forearc setting

between the Florence Rise and the Taurus Mountains of southern Turkey to the north (Fig. 1.1, 1.4).

1.4.5 Structural Relationship with Onshore Fault Zones

The geodynamic and kinematic evolution of the Eastern Mediterranean region and the correlations
of the offshore and onshore structures are currently the focus of much debate (McClusky et al.,
2000; Woodside et al., 2002; Aksu et al., 2009; Hall et al., 2009; Sellier et al., 2013a,b). Several
horsetail-like sinistral strike-slip faults splay from the East Anatolian Fault zone and extend toward
the southwest from the Maras triple junction (Fig. 1.1, 1.3). The Amanos Fault zone is one of the
most prominent of these splays, and defines the eastern boundary of the Amanos Mountains (Taymaz
et al., 1991; Beydoun, 1999; Westaway, 2004). It can be readily traced to the eastern shores of the
Mediterranean Sea where it joins with the prominent arcuate Amanos-Larnaka Fault zone, where
the structure enters the Island of Cyprus (Hall et al., 2005a). From here, the Amanos-Larnaka Fault
zone is traced across the southern margin of the Troodos Complex, swinging to the northwest and
possibly extending into the Antalya Basin (Calon et al., 2005a,b). The onland Misis-Andirin Fault
Zone is another important splay of the East Anatolian Fault zone and extends toward the southwest
into the Misis Mountains of southern Turkey (Figs. 1.1, 1.3). This structure can be readily traced into
the prominent northeast trending Misis-Kyrenia Fault zone (Aksu et al., 1992, 2005a) and then to
the east-west trending Kyrenia Range of northern Cyprus (Calon et al., 2005a; Aksu et al., 2014a,b;

Walsh-Kennedy et al., 2014). Further west the Misis-Kyrenia Fault swings toward the northwest

21



and continues into the Antalya Basin, linking with the onland Aksu Fault Zone (Isler et al., 2005;
Hall et al., 2014a). The Misis-Kyrenia-Aksu and the Amanos-Larnaka-Troodos lineaments form two
crustal-scale arcuate zones running parallel to the general trend of the Cyprus Arc, indicating that

the deformation in the forearc setting extended 250-350 km north of the arc (Figs. 1.1-1.3).

1.5 Messinian Salinity Crises

The Messinian Salinity Crisis refers to a series of events that occurred between ~5.97 and 5.33 Ma,
which resulted in the reduction/cessation of water inflow from the Atlantic Ocean into the Mediter-
ranean Sea, creating widespread evaporite precipitation across the Mediterranean basins. During
this period the base-level of the Mediterranean Sea dropped considerably below its present level. In
the western Mediterranean a ~1500 m deep river valley incision occurred and propagated at least
~300 km inland from the coast. Karst systems that were formed in association with the Messinian
canyons of the Ardéche and Rhone rivers suggesting that the base level dropped to -1500 m (Loget
et al., 2006; Mocochain et al., 2006; Urgeles et al., 2010). In the eastern Mediterranean several ero-
sional surfaces are observed in seismic profiles along the Egyptian margin at a depth between -2500
and -3000 m (Gargani and Rigoller, 2007). These authors argued that the Pliocene—Quaternary sub-
sidence ranges between 750—1000 m, thus, the erosional surfaces must have been formed during the
Messinian Salinity Crisis at depths of 15002250 m below the present-day base level. Successions
across the Afiq Canyon in the Levant margin show similar sea-level lowering during the Messinian

(Druckman et al., 1995).

1.5.1 Why did the Mediterranean became isolated from the global ocean?

During the Eocene, the Mediterranean Sea constituted the western sector of the Tethys Ocean (some-
time referred to as the Neotethys Ocean) which was situated between the African and Eurasian plates

(Fig. 1.5). The protracted contraction between these two plates progressively closed the Tethys
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Ocean, creating the largely inland Mediterranean Sea (Fig. 1.5). Plate tectonics played a pivotal
role in the development of the Messinian Salinity Crisis in the Mediterranean region. The tectonic
evolution of two regions are critical in the events that led to the complete isolation of the Mediter-
ranean Sea from the global ocean: (a) the closure of the Bitlis Ocean (sometime referred to as the
Bitlis-Zagros Ocean) and the collision and suturing of the Arabian Microplate with the southern
fringes of the Eurasian Plate during the late Miocene in the east (e.g., Hiising et al., 2009) and
(b) the progressive closure and uplift of the Gibraltar region during the latest Miocene in the west
(e.g., Rosenbaum et al., 2002; Garcia-Castellanos and Villasefior, 2011). During the Middle-Late
Miocene, the Mediterranean Sea (sensu stricto) was also connected in the north to the Pannonian
and Dacic basins of eastern central Europe, as well as to the greater Black Sea and the Caspian Sea
(Popov et al., 2004, 2006). However, these water bodies were not independently connected to the
world ocean, except via the Mediterranean Sea (Popov et al., 2004, 2006). The only other possible
watermass communication between the Mediterranean Sea and the global ocean during the Middle-
Late Miocene was via the Red Sea to the south. The tectonic evolution of the Red Sea occurred in
two-stages: major rifting took place during the Eocene, followed by seafloor spreading in the late
Eocene and early Oligocene (Stern and Johnson, 2010). The rift phase was followed by a period
of 30 Ma of no motion, during which a large amount of evaporites were deposited across the Red
Sea. Activity restarted in the latest Miocene as shown by the magnetic anomalies across the Red
Sea formed during the last 5 Ma (Stern and Johnson, 2010). Thus, during the Late-Middle Miocene,
there was no watermass communication between the Mediterranean Sea and the embryonic Red Sea
(Popov et al., 2004, 2006).

Therefore, it is clear that there are only two gateways during the Middle-Late Miocene that
formed the connection of the Mediterranean Sea (senso lato) to the world ocean: the Bitlis gate-
way in the east and the Betic and Rif gateways in the west. The timing and tectonic causes for

the closures of these two gateways are summarized below to provide a better understanding of the
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Figure 1.5: Paleogeographic maps of the Early Eocene, Late Oligocene and Middle Miocene. Adopted from

Ron Blakey, Colorado Plateau Geosystems, Arizona, USA, Paleogeography of Europe.
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Messinian Salinity Crisis.

1.5.2 Tectonics of the Bitlis gateway — eastern Mediterranean
Geodynamic and geological context

The continental collision of the African Plate—Arabian Microplate with the Eurasian Plate resulted
in a tectonic collage in eastern Anatolia, including: (a) the eastern Rhodope—Pontide Arc in the
north; (b) the east Anatolian accretionary complex consisting of an ophiolitic mélange overlain
by Paleocene to upper Oligocene sediments; and (c) the Bitlis—Potiirge Massif tectonically over-
lying the northern part of the Arabian margin (Fig. 1.3; Sengor and Yilmaz 1981; Yilmaz 1993;
Tiiysiiz and Erler 1995; Robertson 2000; Sengér et al. 2003; Agard et al. 2005). During the clo-
sure of the Bitlis Sea (or Bitlis-Zagros gateway) a series of major geodynamic processes took place
along the northern Arabian promontory, which accommodated the tectonic responses to the Arabian
Microplate—Eurasian Plate collision. At ~30 Ma, the northern fringes of the Arabian Microplate
started to collide with eastern Anatolia and the western Iran regions of the Eurasian Plate (Jolivet
and Faccenna, 2000; Bellahsen et al., 2003). This early collision caused the Arabian Microplate
to progressively rotate in a counterclockwise sense leading to diachronous collision eastward from
southeastern Anatolia towards the Persian Gulf (Hessami et al., 2001). As the north—south shorten-
ing continued between the converging Eurasian Plate and the Arabian Microplate, the east Anatolian
accretionary complex took up most of the initial post-collisional convergent strain by shortening and
thickening (Yilmaz et al., 1998). During the Late Miocene, around 13—-11 Ma, eastern Anatolia
experienced rapid uplift and widespread volcanism (Dewey et al., 1986; Pearce et al., 1990; Ke-
skin 2003; Sengor et al., 2003), which has been associated with detachment of a northward dipping
subducted lithospheric slab (Keskin, 2003; Faccenna et al., 2006; Hafkenscheid et al., 2006; also
see the tomographic studies below). From this moment onward, the ongoing northward motion of

Arabian Microplate (McClusky et al., 2000; Reilinger et al., 2006; Allmendinger et al., 2007), and
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the retreat of the Hellenic subduction zone to the southwest (Berckhemer, 1977; Le Pichon et al.,
1982; Jolivet 2001) resulted in the westward tectonic escape of Anatolia along the North and East
Anatolian Faults (Fig. 1.3; Dewey and Sengor 1979; Sengor et al., 1985). Thus, the region that
comprised the eastern Tethys gateway during the Eocene—Middle Miocene has thus been subjected
to plate convergence and subduction during the Late Miocene. Sengor et al. (2003) suggested that
this subduction led to southward migrating accretion of nappes and the overlying deep marine flysch
and molasse successions that were deposited within the foreland. A foredeep likely remained present
until continent—continent collision and subsequent slab break-off stalled the convergence and the col-
lision zone is dramatically uplifted during the Late Miocene, closing the marine gateway between

the Mediterranean Sea and the Tethys Ocean by ~11 Ma (Hiising et al., 2009).

P-wave tomographic studies

The east Anatolian contractional province occupies the eastern portion of Anatolia, and it is charac-
terized by north-south convergence between the Arabian Plate to the south and the Eurasian Plate to
the north (Fig. 1.3). Following the closure of the southern branch of the Tethys Ocean (i.e., the Bitlis
Sea) during the middle Miocene the ensuing contraction gave way to the formation and widespread
distribution of left- and right-lateral conjugate strike-slip faults during the early Pliocene (~5 Ma;
Fig. 1.3). Recent geophysical investigations in the region revealed the presence of a thin crust and
mantle lithosphere beneath the Eastern Anatolian Plateau (Tiirkelli et al., 1996; Sandvol et al., 1998;
GOk et al. 2000; Al-Lazki et al., 2003; Zor et al., 2003; Angus et al., 2006; Ozacar et al., 2008,
2010; Biryol et al., 2011). These geological studies and the associated geochemical data on igneous
rocks exposed across the eastern Anatolia indicated that the sustained uplift of the plateau is asso-
ciated with the steepening and break-off of the northward subducting Arabian lithosphere. Hiising
et al. (2009) have dated the youngest sediments underneath subduction-related thrusts at ~11 Ma,

which suggests that this age must correspond to the end of underthrusting in the Maras triple junc-
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tion region (Figs. 1.1, 1.3; i.e., the end of subduction of Arabian slab beneath the Eurasian Plate,
now the easternmost sector of the Aegean-Anatolian Microplate). The geophysical studies further
suggested that the upwelling hot asthenosphere replaced the slab, giving way to recent volcanism
and supporting the 2 km elevation of the eastern Anatolia (sometime referred to as the Eastern Ana-
tolian Plateau; Keskin 2003; Sengor et al., 2003). This event also marks a dramatic change in the
stress field throughout the eastern Anatolia, as suggested by Kogyigit et al. (2001) and Orgiilii et
al. (2003). Teleseismic tomography studies indicated the presence of a detached slab located at
depths of ~600 km beneath the eastern Anatolia, immediately north of the Bitlis-Zagros suture zone
(Figs. 1.1, 1.3; Zor, 2008).

In the tomographic modelling studies there is an intriguing low velocity anomaly beneath the
northwestern part of the Arabian Microplate from 100 km down to 300 km depth (Figs. 1.6, 1.7;
Toksoz et al., 2010). This low velocity anomaly spread out at the lower mantle, suggesting that
the hotspot may be the surface manifestation of a broad mantle upwelling connected to the African
Super Plume in the lower mantle beneath southern Africa (Benoit et al., 2006). In the tomographic
model of Toksoz et al. (2010), the subduction along the Bitlis-Zagros suture zone is well imaged
(Figs. 1.6, 1.7). Here, pronounced high velocity anomalies with a southward dip angle are detected in
the upper mantle (above 410 km discontinuity) and earthquakes are confined above 150 km depth in
the fast structures (Toksoz et al., 2010). The south-dipping slabs in the upper mantle is interpreted by
these authors as the result that the Arabian Plate has overridden itself during post-collision between
Arabian and Eurasian plates, similar to what has been observed at the Indian Plate and Eurasian
Plate collision (Li et al., 2006). The north-dipping slab of the Arabian Microplate in the upper
mantle appears to disconnect with the fast structures in the lower mantle (Toksoz et al., 2010).

The P-wave tomographic model of Biryol et al. (2011) shows an abrupt eastern termination
of the Cyprus slab along the 33-34°E longitudes (Figs. 1.8, 1.9). To the east of this zone, there

is a relatively homogeneous slow velocity anomaly beneath the eastern Anatolian Plateau, which
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Figure 1.6: P wave velocity profile at 200 km and 400 km depths across the eastern Mediterranean and the

Middle East. Adopted from Toksoz et al. (2010).
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extends as deep as 400 km beneath the plateau. This slow velocity anomaly is also delineated by
several previous studies (e.g., Al-Lazki et al. 2003, Gans et al., 2009). In all these studies, the
low velocity anomaly is interpreted to be associated with the asthenosphere that ascended and was
emplaced beneath the plateau after the detachment of the northward subducting Arabian oceanic
lithosphere (Keskin 2003, Sengér et al. 2003, Al-Lazki et al. 2003, Gans et al., 2009, Toksoz et al.,
2010, Biryol et al., 2011). The models presented by Toksoz et al. (2010) and Biryol et al. (2011)
clearly outline the 3-dimensional extent of this hot, buoyant asthenospheric body that is believed
to be supporting the relatively thin (~2 km) crust of the eastern Anatolian high plateau (Sengor
et al., 2003; Zor et al., 2003; Ozacar et al., 2008, 2010). The P-wave tomograms presented by
Biryol et al. (2011) also show that the eastern termination of the Cyprus slab (i.e., the eastern edge
of the subducting African lithosphere) and the western tip of the emplaced asthenosphere nearly
align with the boundary between the eastern Anatolian contractional province (EACP in Figs. 1.8,
1.9) to the east and the central Anatolian Province to the west (Figs. 1.8, 1.9). This alignment was
also suggested by the Pn velocity observations of Gans et al. (2009). The western extent of the
east Anatolian contractional province roughly aligns with the northward projection of the Dead Sea
Transform Fault (Barka and Reilinger, 1997), which delineates the boundary between the African
Plate and Arabian Microplate (Figs. 1.3, 1.8, 1.9). Reilinger et al. (1997) suggested that the crust of
eastern Anatolia is hot and weak due to the presence of hot buoyant asthenosphere beneath the region
(Keskin, 2003), and that this weak crust accommodates the N-S convergence between the Eurasian
Plate and the Arabian Microplate across the eastern Anatolian contractional province (Figs. 1.8,
1.9). This is in agreement with the distribution of the slow anomalies delineated in the P-wave
tomographic model of Biryol et al. (2011). These authors remark that the broad alignment of the
western edge of the slow anomaly associated with eastern Anatolia lies along the eastern Anatolian
contractional province—central Anatolian province transition with the northward projection of the

Dead Sea Transform Fault (Figs. 1.8, 1.9).
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Figure 1.8: Map showing the depth of the subducted slabs beneath the Aegean and Cyprus arcs (dashed
aquamarine contours). Also shown are the locations of the P-wave tomographic cross sections illustrated in

Figure 1.9. Redrawn from Biryol et al. (2011).
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The above discussion clearly shows that by the Late Miocene (~11 Ma; Hiising et al., 2009) the
Arabian Microplate already collided with Eurasian Plate and that it was sutured, closing the marine
gateway that connected the Tethys Ocean in the east and the Mediterranean Sea in the west (Fig. 1.5).
The only remaining watermass communication link between the Mediterranean Sea (sensu lato) and
the global ocean was the Betic and Rif gateways across the present-day Strait of Gibraltar, which is

discussed below.

1.5.3 Tectonics of the Betic, Rif and Sicily gateways — western Mediterranean
Geodynamic and geological context

During the Oligocene, ~30 Ma, the northwestern margin of the Mediterranean Sea consisted of sev-
eral terrains, including the Betic and Rif Cordilleras, the Balearic Islands, the Kabylies, Corsica,
Sardinia and Calabria. (Fig. 1.10; Rosenbaum et al., 2002). A prominent subduction zone existed
immediately south of these terrains where the African plate was being consumed beneath the western
portion of the Eurasian Plate. During the Late Oligocene, roll back of the subduction zone created
widespread extension in the Alps and in the western Mediterranean region (Fig. 1.10; Rosenbaum
et al.,, 2002). This extension on the overriding plate, formed the foundation of the development
of the western Mediterranean basins, including the Gulf of Lion and Valencia Trough (Fig. 1.10;
Rosenbaum et al., 2002). Extension continued in the Early Miocene and led to breakup and drifting
of continental fragments formerly attached to southern France and Iberia. During the opening of
the “Ligurian Sea, Gulf of Lion and Valencia Trough”, the Balearic Islands, Corsica, Sardinia and
Calabria experienced block rotations. During the Burdigalian, subduction roll back continued and
caused intense tectonic activity across northwest Africa (Fig. 1.10; Rosenbaum et al., 2002). The
breakup between Balearic Islands and Kabylies caused the opening of the Algerian Basin and the
subsequent emplacement of the Rif onto the African margin. Between ~18 and 15 Ma ago, the

Kabylies blocks drifted south in response to further southward rollback of the subduction zone until
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they collided and accreted to the African margin (Fig. 1.10, 1.11; Rosenbaum et al., 2002). The Alb-
oran Sea formed during the west ward migration of the subduction hinge when rapid rollback was
compensated by wholesale extension in the overriding thinned continental crust (Fig. 1.11; Rosen-
baum et al., 2002). The final accretion of the Rif-Betic Cordillera occurred at ~10 Ma, when the
subduction zone rolled back as far west as the present-day Strait of Gibraltar (Fig. 1.11; Rosenbaum
et al., 2002; Garcia-Castellanos and Villasefior, 2011). During the Messinian the western part of
the Mediterranean around the Alboran Sea was very shallow or largely sub-aerially exposed: the
uplift of the Gibraltar Arc created the necessary conditions for the isolation of the Mediterranean
Sea from the Atlantic Ocean (Garcia-Castellanos and Villasefior, 2011). The eastern segment of
the prominent subduction zone that delineated the Kabylies and the Maghrebites also experienced
south- and southeast-directed roll back. The Tyrrhenian Sea which is the youngest basin in the
western Mediterranean formed in the Tortonian (~9 Ma) as the result of a southeastward rollback
of subduction systems near the margins of the Adriatic plate (Malinverno and Ryan, 1986). The
Tyrrhenian Sea opened in two stages: 9-5 Ma opening of the northern Tyrrhenian Sea, followed by
a 5-0 Ma opening of the southern Tyrrhenian Sea (Fig. 1.10; Rosenbaum et al., 2002). During the
Early Pliocene extension ceased in the northern Tyrrhenian Sea and migrated southward to the south-
ern Tyrrhenian Sea (Fig. 1.11; Rosenbaum et al., 2002). During the same time, crustal shortening
occurred in the southern Apennines and in Sicily accompanied by counterclockwise block rotations
across the Apennines and clockwise rotations in Sicily. These processes have been controlled by
rapid roll back of Ionian oceanic lithosphere beneath the Calabrian Arc.

The development of the southern Apennines and Sicily north and west of the east-concave Cal-
abrian Arc has serious implications for the history of the Messinian Salinity Crisis. Today, this
region defines a major bathymetric barrier which separates the eastern and western Mediterranean
seas. The evolution of the Calabrian Arc and its subduction zone since the Serravallian-Tortonian has

been characterized by rollback of the Ionian lithosphere associated with opening of the Tyrrhenian
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Figure 1.10: Oligocene-Late Burdigalian reconstruction and tectonic evolution of the western Mediter-

ranean, adopted from Resenbaum et al. (2002).
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Sea as a back-arc basin (Malinverno and Ryan, 1986; Mattei et al., 2007; Cifelli et al., 2007). During
the Late Miocene there were distinct episodes of tears and break-off along the Tyrrhenian slab (e.g.,
Chiarabba et al., 2008; Argnani, 2009). The first episode occurred from 8.5 to 4.0 Ma and affected
the segment of the slab located in the Sardinia Channel. The second episode occurred between 2.5
and 1.6 Ma, affecting the segment of slab located north of Sicily, and was proceeded by rifting in the

Strait of Sicily (Argnani, 2009; D’Agostino et al., 2011)

P-wave tomographic studies

Lithospheric slab detachment and roll back has previously been suggested as the possible cause for
protracted Gibraltar Arc uplift which initiated the Messinian Salinity Crisis (Duggen et al., 2003;
Garcia-Castellanos and Villasefior, 2011). Geodynamic interpretation of the tomographic data re-
sults invokes the lateral migration of a tearing of the lithospheric slab originally attached to the south
Iberian margin at the end of Miocene (Fig. 1.12; Garcia-Castellanos and Villasefior, 2011). Simi-
larly, the lithospheric slab detachment and roll back across the Calabrian Arc, and the subsequent
uplift of the southernmost Apennines and Sicily created a major topographic block separating the
eastern and western Mediterranean seas (e.g., Chiarabba et al., 2008). This region has considerable
importance as the Sicilian sill is believed to have controlled the saline water influx from the western
to the eastern Mediterranean seas (Blanc, 2000).

During the latest Miocene ~6 Ma ago, progressive tectonic restriction and subsequent closure
of the two Mediterranean-Atlantic gateways: one through northern Morocco (Rif Corridor) and the
other through southern Spain (Betic Corridor) (Fig. 1.13; Platt and Vissers 1989; Rosenbaum et al.,
2002) led to extreme salinity fluctuations in the Mediterranean Sea, which resulted in the deposition
of thick evaporite successions in a relatively brief period of ~0.63 Ma (Montadert et al., 1970; Hsii
etal., 1973; Lofi et al., 2005; Hilgen et al., 2007, Gaullier et al., 2010). The sea level drop during the

Messinian Salinity Crisis represents the most striking environmental change in the Cenozoic history
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Figure 1.12: Geological map of the Betics and the Rif (South Spain, North Africa) combined with tomo-
graphic images of the Earth’s interior, reaching ~660 km depth. Vertical white arrows= crustal uplift hori-

zontal blue arrows = marine corridors. Adopted from Garcia-Castellanos and Villasefior (2011).

of the Mediterranean Sea. During this event, rapid sea level drop resulted in increased seawater
salinity and the deposition of evaporites within shallow marginal basins (Lofi et al., 2011a,b). The
dramatic sea-level lowering exposed the continental margin to subaerial erosion while thick evaporite
successions deposited within the physiographically deep Mediterranean basins, but at shallow water
depths (e.g., Ryan, 2009). During this interval the top of the accretionary wedge as well as the frontal
portion of the subduction zones also experienced considerable erosion (Hsii et al., 1973; Montadert
et al., 1978; Clauzon, 1982; Tay et al., 2002; Ryan, 2009). The end of the Messinian Salinity Crisis
was marked by rapid refilling of the Mediterranean basins during latest Miocene/early Pliocene and
re-connection of the Mediterranean Sea and the Atlantic Ocean.

Deposition of the evaporite successions during the Messinian Salinity Crisis was complex, thus
the stratigraphy of Messinian evaporites varies throughout the Mediterranean region (Rouchy and
Caruso, 2006; Roveri et al., 2008a; Lofi et al. 2011a,b; Manzi et al., 2013, 2014; Roveri et al.,

2014a,b,c). The distribution of the Messinian deposits results from the superimposition of regional
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Betic and Rif corridors that formed the gateway between the Atlantic Ocean and the Mediter-
ranean Sea during the Late Miocene, prior to the Messinian Salinity Crisis (redrawn from
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national Bathymetric Charts of the Mediterranean (I0C, 1981).
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controlling factors related to the Messinian Salinity Crisis and local controlling factors related to the
structural and geodynamical evolution both of the eastern and western Mediterranean basins (Rouchy
and Caruso, 2006). Seismic data have shown that the base and top of the Messinian evaporites are
marked by two strong reflectors, the N reflector at the base and the M reflector at the top. These
reflectors correspond to two regional seismic events traditionally defining the erosion surfaces asso-
ciated with the huge drop of sea level and subsequent deposition of the Messinian evaporites (Finetti
and Morelli, 1973; Hsii et al., 1973; Ryan et al., 1973; Ryan and Cita, 1978; Bertoni and Cartwright,
2006, 2007). The N reflector has been defined as a tectonic unconformity in the Cyprus Arc area

(Hall et al., 2005b).

1.6 Geological uncertainties in the eastern Mediterranean

There are several uncertainties in our geological understanding of the eastern Mediterranean region,
which require a brief explanation in this chapter as they are critical in the development of the ideas

in this study. These are explained below.

1.6.1 Geodynamics of the Hellenic and Cyprus ‘“Double Arc System”

Previous studies have described the geodynamic evolution of the eastern Mediterranean region and
the complex interaction of crustal-scale tectonics associated with the Hellenic and Cyprus Arc sys-
tems. Nur and Ben-Avraham (1978) and Rotstein and Kafka (1982) suggested that the Hellenic and
Cyprus arcs may once have formed a single arc system, which must have extended into the Bitlis
Ocean, prior to the collision of the Arabian Microplate with the Eurasian Plate in the Late Miocene.
The vestige of this former ocean is now incorporated in the thrust panels of the Bitlis-Zagros suture
(Bozkurt, 2001). The current configuration, with a broadly east-west-trending double arc system, is
related to the final collision and suturing of the Arabian Microplate with the Eurasian Plate along

the Bitlis—Zagros fold-thrust belt, and the west-directed tectonic escape of the Aegean-Anatolian
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Microplate (Sengor and Yilmaz, 1981, Taymaz et al., 1991, Le Pichon et al., 1995, Robertson, 1998,
Bozkurt, 2001). The irregularities along the plate margins and the oblique lithospheric convergence
play an important role in subduction-zone dynamics and in the development of complex fault pat-
terns. The junction between the Hellenic and Cyprus arcs has been considered enigmatic as far as
the relationship between subduction zone dynamics and observed crustal deformation is concerned
(Woodside et al., 2002; Zitter et al., 2003; ten Veen et al., 2004; Aksu et al, 2009; Hall et al. 2009).

The tectonic setting and seismic activity along the Cyprus Arc indicated a relative northeast-
southwest plate motion across the arc (Wdowinski et al., 2005). The extreme eastern portion of the
Cyprus Arc is oriented sub-parallel to relative convergence vectors, thus it is dominated by transcur-
rent tectonism. The western portion of the Cyprus arc is oriented almost normal to relative plate
motion and is subjected to convergent processes (Wdowinski et al., 2005). Variations in the level
and depth of seismic activity along the western Cyprus arc suggest that the northwestern section of
the arc represents a subduction boundary, whereas the southeastern section represents a collision
boundary (Wdowinski et al. 2005). Observations on active faulting along the Cyprus Arc showed
that these two tectonic domains of the western arc are separated by a northeast-southwest trending
lithospheric tear, which produces large earthquakes, such as the My =6.8 1996, Paphos Earthquake
(STEP-2 in Fig. 1.14; Arvidsson et al., 1998; Aktar et al., 2000; Pilidou et al., 2004) used seismic
tomography to study the deep structure of the Aegean-Anatolian Microplate—African Plate boundary
at the junction between the Hellenic and Cyprus arcs. These authors interpreted this region as a Sub-
duction Transform Edge Propagator (STEP-1 in Fig. 1.14; Wortel and Spakman, 1992; Govers and
Wortel, 2005; Yildirim and Sandvol, 2009). This STEP-1 fault zone separated the northern fringe
of the subducting African Plate into two slabs; the Hellenic slab beneath the Hellenic Arc and the
Cyprus slab beneath the Cyprus Arc (Fig. 1.14). They further suggested that the deep structure of the
eastern part of the Cyprus Arc, which exhibits a broad zone of sinistral deformation at the surface, is

very similar to the eastern segment of the Hellenic subduction zone. Salaun et al. (2010) used new
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tomographic results to show that a vertical slab tear with a narrow ~160 km horizontal extent exists

between the eastern termination of the Hellenic slab and the Cyprus slab.

[ 4
STEP-2 cz'

A A
ff —

oceanic
lithosphere

Figure 1.14: Schematic 3D block diagram showing the development of lithospheric tear associated with the
subduction of the African lithosphere beneath the Aegean—Anatolian Microplate (inspired from Barka and
Reilinger (1995), Govers and Wortel (2005) and Biryol et al., 2011). CA= Cyprus Arc, DSF= Dead Sea Fault
zone, EAF= East Anatolian Fault zone, HA= Hellenic Arc, NAF= North Anatolian Fault zone. STEP-1 and
STEP-2 represent the litospheric tears that developed across the Pliny-Strabo Trenches and the Paphos Fault

zone, respectively (explained in text).

The current geodynamics of the Cyprus Arc are largely controlled by the post-Messinian collision

of Eratosthenes Seamount with the Island of Cyprus (Robertson et al., 1998a). Active subduction
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beneath the Cyprus Arc appears to have ceased with the arrival of the Eratosthenes Seamount at the
subduction zone (Robertson et al., 1998a, Glover and Robertson, 1998a,b). Woodside et al. (2002)
suggested that most features of subduction zones, such as volcanism, bathymetric trenches, accre-
tionary prism, and high and focussed seismicity are lacking along the Florence Rise. In addition, the
fast retreat of the Hellenic Slab towards the south may have played a major role in the evolution and
dynamics of the system (Woodside et al., 2002). Marine geophysical surveys south and west of the
Cyprus Arc have documented the predominantly north-south convergence and the geological struc-
tures associated with north-south convergence across the arc (Robertson et al., 1998a; Woodside et
al., 2002). Woodside et al. (2002) and Sage and Letouzey (1990) showed that the western Florence
Rise part of the Cyprus Arc is under compression, where oblique convergence created a major strike-
slip fault zone after the Messinian. In contrast, the central portion of the Cyprus Arc immediately
north and northeast of the Eratosthenes Seamount is mainly characterised by transpressional features
(Ivanov et al., 1992; Kempler, 1994; Limonov et al., 1996). The eastern Tartus Ridge segment of the
Cyprus Arc is delineated by structures associated with a sinistral strike-slip system, which further
to the east links with the Dead Sea Fault zone (Kempler and Ben-Avraham, 1987; Girdler, 1990;
Kempler and Garfunkel, 1994).

Numerous authors have described the evolution of the Anaximander Mountains at the junction
of the eastern Hellenic and western Cyprus arcs (Woodside et al., 2002; Zitter et al., 2003; ten Veen
etal., 2004; Aksu et al, 2009; Hall et al. 2009). Woodside et al. (2002) argued that the Florence Rise
is presently acting as a transpressive right-lateral fault zone, with two oppositely shearing arc seg-
ments, and complex strain patterns at the junction between the Hellenic and Cyprus Arcs. Ten Veen
et al. (2004) argued that the sense and rate of relative motion between the African Plate and Aegean-
Anatolian Microplate changes close to the junction between the Hellenic and Cyprus Arcs. They
suggested that the Miocene—Quaternary in the western part of the Anaximander Mountains was char-

acterised by sinistral shear, with NW-SE striking faults cut by several NE-SW striking faults. This
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was marked by the onset of extension on normal faults which formed long graben-like depressions,
and was related to the opening of the Rhodes and Finike basins during the transtensional tectonics
that affected southwest Turkey since the Pliocene. Ten Veen et al. (2004) also suggested that the east-
ern part of the Anaximander Mountains has affinities with the Florence Rise, and is characterised by
a normal and/or oblique normal fault zone with no evidence for strike-slip deformation.

In contrast, Aksu et al. (2009) and Hall et al. (2009) proposed a much more complex geody-
namic model for the evolution of the Anaximander Mountains. They found no evidence for normal
faulting in the Anaximander Mountains, with the exception of a small area in the southwestern mar-
gin of the Antalya Basin. Their data suggested a protracted Miocene contractional tectonic phase
that culminated during the Messinian. This was replaced in the early-mid Pliocene by a tectonic
regime dominated by transpression and probably rotation. Aksu et al. (2009) speculated that this
change in tectonic regimes was due to the westward propagation of the North Anatolian Fault zone
and the progressive counterclockwise rotation of the western segment of the Aegean-Anatolian mi-
croplate during the Pliocene—Quaternary. These authors also suggested that the formations of the
Finike Basin (Aksu et al., 2009; 2014c) and the adjacent Rhodes Basin (Hall et al., 2009; 2014b)
were related to the thrusting and lithospheric loading of the western Taurus Mountains during the

Pliocene—Quaternary and associated flexure resulting in subsidence in these basins.

1.6.2 Tectonic transition and accretionary processes in eastern Mediterranean

Shortening styles, kinematics and the accretionary process of the eastern Mediterranean basins de-
pend on the areal extent and the composition (thus the rheology) of the evaporite successions. The
tectonic evolution in the eastern Mediterranean is generally divided into two periods separated by
the deposition of thick evaporitic sequences during the Messinian (Costa et al., 2004). Chaumil-
lon and Mascle (1997) describe two accretionary wedges in the Mediterranean Ridge south of the

Hellenic Arc, an older wedge developed prior to deposition of Messinian evaporites, and a younger
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wedge developed during the Pliocene—Quaternary. Messinian evaporites created a layer with low
basal friction, low cross sectional taper and anomalous width, thus forming a décollement surface
beneath the younger wedge (Polonia et al., 2002).

In the Levantine Basin of the eastern Mediterranean, the main detachment of the post-Messinian
wedge is located at the base of the thick and viscous Messinian salt layer along the Mediterranean
Ridge (Costa et al., 2004). Their physical modeling results show that a viscous (salt) décollement
would produce thrusting trending normal to the shortening direction, but boundary conditions affect
structural trends even more than stress and/or movement direction. Both strain partitioning and
the formation of major strike-slip faults within the post-Messinian wedge are prevented by the high
angle of convergence between the African and Aegean plates as well as by the low intraplate friction.
Furthermore they show that curved and anastomosing thrust fronts are reflected in the topography of
the Mediterranean Ridge. They also argued that extension may occur in the central Mediterranean
Ridge as a result of the geometry of the plate boundaries. This extension is considered as a possible
cause of mud volcanism and mud diapirism.

The western Florence Rise segment of the Cyprus Arc has also been described as an accretionary
wedge by a number of authors (Sage and Letouzey, 1990; Woodside et al., 2002; Sellier et al.,
2013a,b). However, unlike the Mediterranean Ridge to the south, it is still not clear whether or
not the accretionary wedge has been active since the Messinian. Woodside et al. (2002) argued
that modern day tectonics in the Florence Rise are compressional, with subduction having ceased
or stalled due to the collision of the Eratosthenes Seamount with the Island of Cyprus. Therefore,
these authors argued that all accretionary processes should have stopped during the post-Messinian
and that mud volcanism south of the Florence Rise must be due to overpressure in the pre-Messinian
accretionary wedge activated by modern strike slip faulting (Woodside et al., 2002). In addition,
recent work by Sellier et al. (2013a,b) also argued that post-Messinian compression south of the

Florence Rise is very similar to that observed across the Mediterranean Ridge. These authors also
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interpreted the Florence Rise as a post-Messinian accretionary wedge, which is strongly influenced

by salt tectonics and the sedimentation associated with the Nile delta fan.

1.6.3 Uncertainties in Messinian evaporite precipitation and distribution

The Messinian Salinity Crisis is a prominent series of events that has profoundly modified the
Mediterranean within a relatively limited time span, and led to the deposition of thick evaporite
successions in basins that are presently located both onland and offshore (e.g., Lofi et al., 2011b,
and references therein). The depositional environment of evaporite successions have been described
in three models: (1) shallow basin and shallow water model: where in a shallow evaporative basin
limited connection to the open ocean allows the salt water inflow, (2) deep basin and shallow water
model: where the deep basin is isolated from the global oceans and evaporates, (3) deep basin and
deep water model: where excessive evaporation at the ocean surface allows brines to develop and
downwell to deep levels (Fig. 1.15).

Previous regional studies based on outcrop, well and 2D seismic data have demonstrated that
during the Messinian Salinity Crisis the Mediterranean region was characterised by a complex and
highly diversified stratigraphy of evaporite deposition as a result of morphological, geodynamical
and isostatic responses of the deep offshore basins and marginal shallower basins (Montadert et al.,
1978; Garfunkel and Almagor, 1984; Gorini et al., 1993; Gradmann et al., 2005; Rouchy et al., 2006;
Roveri et al., 2008a,b,c, 2014a,b,cs). It is broadly accepted that the period of widespread evaporite
precipitation in the Mediterranean region spanned from 5.97 to 5.33 Ma, but it is not known how the
events recorded in strata correlate between the shallow marginal basins and the deep Mediterranean
basins. Evaporites in shallow marginal basins are exposed onshore and have been extensively studied
(Krijgsman et al., 2001, 2002, 2004; Lofi et al., 2011a,b; Manzi et al., 2013, 2014). However, these
form incomplete Messinian successions that are geometrically disconnected from the offshore basins

(e.g., Schreiber et al., 1976; Rouchy, 1982; Butler et al., 1995; Clauzon et al., 1996; Riding et al.,
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Figure 1.15: Models for the depositional environment of evaporite successions. Redrawn after
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1998; Krijgsman et al., 1999). The knowledge of the correlative deep and thick offshore evaporites
in the eastern Mediterranean has so far been hampered due to lack of complete calibration of the
stratigraphy of the Messinian Salinity Crisis record from scientific boreholes and the absence of
high resolution seismic data to image and explore the entire Messinian Salinity Crisis event as a
continuous process in the deep offshore basins.

Within in the eastern Mediterranean, most previous research on the successions associated with
the Messinian Salinity Crisis in deep basins has focussed on the Nile Deep Sea Fan and the Levantine
Basin, which have been investigated in relation to the development of giant salt diapirs (Mart and
Ben Gai, 1982; Garfunkel and Almagor, 1987; Cohen, 1993; Loncke et al., 2004, 2006; Gradmann
et al., 2005; Bertoni and Cartwright, 2006; Netzeband et al., 2006; Bertoni and Cartwright, 2007;
Hiibscher and Netzeband, 2007). Hiibscher and Diimmong (2011) focused on the successions of
evaporites and overlying formations which show a complex deformation pattern due to a combination
of thick-skinned plate-tectonic convergence and thin-skinned disharmonic deformation related to the
mobile evaporite-bearing unit in the eastern Cyprus Arc. The western part of the Cyprus Arc has been
the subject of number of previous studies focused on post- and pre-evaporitic structural deformation
(Woodside et al, 2002; Sellier et al., 2013a). A recent synthesis based on the stratigraphic framework
of the Messinian Salinity Crisis across the entire Mediterranean region has been proposed by Lofi et
al. (2011a, b). However their synthesis of the distribution of the sedimentary successions deposited
during the Messinian Salinity Crisis across the western Cyprus Arc, covering the Florence Rise
and the Antalya Basin has not been clearly presented due to lack of available data. According to
Lofi et al. (2011b) the typical successions of Lower Evaporites, Salt, and Upper Evaporites that
occur across the western Mediterranean are not present in the eastern Mediterranean. They suggest
that the Messinian Salinity Crisis is largely recorded by a single salt-bearing seismic unit. More
recently, an attempt at correlating western and eastern Mediterranean Messinian seismic units has

been suggested by Manzi et al. (2014). However, their results show that the recently established
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western Mediterranean stratigraphy applies to only the marginal basins of eastern Mediterranean.

1.6.4 Halokinetic/structural uncertainties in uppermost Messinian-Quaternary

In the eastern Mediterranean, the thick Messinian-lowermost Pliocene evaporite layer has a signif-
icant impact on the evolution of the host basin. The interplay between halokinesis, salt tectonics
and sedimentation occurs at many different scales due to many different triggering factors. During
the last 2-3 decades interests in the evaluation of evaporite basins and in salt tectonics have led to
improved understanding of the halokinetic processes controlling stratigraphic architecture in areas
such as the Gulf of Mexico, the North Sea and the west African continental margin. The most signif-
icant factor in this improved understanding is the recognition that halokinesis is often a response to
regional tectonics and salt tectonics, commonly triggered by tectonic deformation of the overburden
(Vendeville and Jackson, 1992a,b; Jackson, 1995).

Previous studies have shown that both thick-skinned plate tectonics and thin-skinned salt tec-
tonics have a significant control on the structural dynamics and morphologic architecture of the
Mediterranean basins (dos Reis et al., 2005; Gaullier et al., 2008; Reiche et al., 2015). However,
relatively few previous studies have focussed on identifying the salt-related structures and determin-
ing their geometry and distribution, the associated structural features in the overburden and their
surface expressions, in order to better understand the interaction between sedimentation, salt tec-
tonics and structural pattern (e.g., Costa et al., 2004; Bertoni and Cartwright 2005). In contrast,
the stratigraphic and structural evolution of the eastern Mediterranean has been increasingly studied
during the last decade (Aksu et al., 2014; Hall et al., 2014; Walsh-Kennedy et al., 2014; Blanco
2015). Our knowledge of the Neogene structural evolution of the Cyprus Arc has been considerably
improved recently (Aksu et al., 2005a; Calon et al., 2005a,b; Hall et al., 2005a,b), with the iden-
tification of two major phases of deformation. The earlier phase (pre-Miocene to Late Miocene)

is compressional and affects pre-Miocene and Messinian units, whereas the younger phase (upper-
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most Pliocene—Quaternary), which affects all stratigraphic units, is predominantly contractional, but
accompanied by strike-slip with minor superficial extension.

Even at geologically rapid strain rates, salt is mechanically weak and flows like a fluid (Hudec
and Jackson, 2007, CIESM, 2008). This rheology and the incompressibility of salt make it inherently
unstable under a wide range of geologic conditions. Salt is extremely mobile and may displace and
deform in response to differential loading which may be induced by gravitational forces, by forced
displacement of the boundaries of a system or by a thermal gradient (CIESM, 2008). Gravitational
loading can generate flow if the load represented by the overburden is unevenly distributed. The inter-
action between fluids and salt also causes suberosion and subsequent surface collapses with potential
impact on deformation of overburden. This is called salt/evaporite dissolution and is considered an
important process in many evaporite-bearing basins worldwide (e.g., Warren 1999). Examples of
evaporite dissolution have been described in the North Sea (Lohmann 1972; Jenyon 1983; Cartwright
etal., 2001), western Canada (Anderson and Knapp 1993), Gulf of Mexico (Rezak et al., 1985; Hos-
sack 1995), US Permian Basin (Anderson and Kirkland, 1980) and west Africa (Hudec and Jackson,
2002). However, in the eastern Mediterranean previous analyses of salt related deformation in the
Pliocene—Quaternary sediment were mostly explained by salt—sediment interaction stemming from
vertical movements associated with overburden. Maillard et al. (2011) undertook a study aiming
specifically at the salt tectonic framework, focusing on the deformed Messinian markers in the west-
ern Cyprus Arc. They hypothesized that a thin-skinned phase of compressional deformation during
the late Miocene affected the entire MSC unit, overlain by undeformed Pliocene—Quaternary lay-
ers. A second thin-skinned phase, well expressed in the bathymetry, occurred from the Pliocene to
Recent, resulting in extensional gravity gliding within the evaporites and the Pliocene—Quaternary
sequence (Maillard et al., 2011). Costa et al. (2004) presented the experiments simulating the phys-
ical and structural parameters to investigate the structural expression of the convergence in the East-

ern Mediterranean at a regional scale. Sellier et al. (2013b) also presented similar experiments to
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discuss probable kinematics of the basement structural highs (e.g., Florence Rise and Eratosthenes
Seamount) whether presently active or inactive, and how they influence the deformation and dis-
placement patterns of the salt and its overburden. According to these studies, deformation of the
Messinian evaporites and their Pliocene—Quaternary overburden is controlled by both deep-seated,
thick-skinned tectonics, and gravitational, salt-related thin-skinned tectonics. A recent study by
Bertoni and Cartwright (2007) described the morphology of the structures and the associated over-
burden, allowing the reconstruction of their origin and development in the Levantine Basin. They
proposed that evaporite dissolution led to the collapse of the weakly lithified overburden, and this
deformed with a series of concentric extensional faults. However, these studies and models are not
always able to entirely explain the structural features in the overburden and their surface expressions,
to be able to understand the interaction between sedimentation, salt tectonics, structural pattern and

neotectonics in the Florence Rise and Antalya Basin.

1.7 Questions arising from the above literature summary

The literature review above leads to a series of questions which form the basis of the objectives of

this thesis described earlier.

e Did the active subduction beneath the Cyprus Arc cease with the arrival of the Eratosthenes

Seamount?

e Why are features typical of subduction zones, such as volcanism, bathymetric trench, and

intense and focussed seismicity lacking along the Florence Rise?

o Are the Florence Rise and the Mediterranean Ridge to the south part of a broad accretionary

prism? Is mud volcanism directly related to the accretionary process along the Cyprus Arc?

e What is the strain pattern through time along and across the Florence Rise and Anaxagoras

Mountain?
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e Do the eastern and western Mediterranean seas have the same depositional history during the
Messinian Salinity Crisis? Why is the lower mobile unit (halite) much thicker in the eastern

Mediterranean Sea than its counterpart in the western Mediterranean Sea?

e [s it possible to determine a Mediterranean-wide depositional history that can account for
the observed lithologies and chronologies of the successions associated with the Messinian

Salinity Crisis in the west and east?
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Chapter 2

DAaTA AND METHODS

This Chapter presents the information on the methods used in the acquisition, processing and inter-
pretation of ~10.000 km of high-resolution seismic reflection data (~3000 km of which processed
by the author) collected from the western Cyprus Arc, eastern Mediterranean (Fig. 2.1). Isochron
maps and seismic cross-sections are correlated with borehole information from the DSDP Leg XLII
Sites 375 and 376, the onland Aksu-1, Manavgat-1, Manavgat-2 wells in Antalya region and the Xeri
borehole in Cyprus, as well as onshore successions in the eastern Mediterranean region. Other data
used during this project include various multibeam bathymetric data previously collected by IFRE-
MER (French Research Institute for Exploration of the Sea) and several deep-penetrating seismic
reflection profiles kindly provided by the Turkish Petroleum Corporation (TPAO). The following is a
detailed account of the methods used in this study, including a full discussion on 2D marine seismic
data acquisition with the survey geometry and the specific survey parameters, data processing steps,
both the general theory of data processing and its applications used in this study. The method of
geological interpretation of the 2D marine seismic data and their applications are also presented in

this chapter.
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Figure 2.1: kMap showing the locations of the multi-channel seismic reflection profiles used in this study.
Blue lines= 1992, 2001, 2008 vintages, red lines= 2007, 2010 vintages, green lines= Turkish Petroleum Cor-
poration profiles. Thicker purple lines are illustrated in text figures. Red dashed lines are processed by the

author. The coastline is from the International Bathymetric Charts of the Mediterranean (IOC, 1981).
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2.1 Seismic Reflection Method

The seismic reflection method is an important geophysical technique that uses echo-sounding to es-
timate the properties of large volumes of rock beneath the Earth’s surface from reflected seismic
waves (Yilmaz, 2001). The general principle of seismic reflection is to create images of subsurface
structure from surface recordings resulting from the emission of a pulse of energy into the Earth
(using an energy source, e.g., air gun, water gun, sparker, vibrator, etc.), where each layer within the
Earth reflects a portion of the wave’s energy back and allows the rest to refract through (Fig. 2.2).
Waves are reflected from subsurface interfaces that represent a change in acoustic impedance due
to variation in rock properties (Fig. 2.3a). This reflected energy is detected by receivers, such as
hydrophone arrays and geophone arrays for the marine and land surveys, respectively. In the ma-
rine environment, hydrophones convert pressure changes into electrical signals. The time it takes
a seismic wave to travel from the source to the receiver is measured and it represents the amount
of time it took the sound to reach the reflecting surface plus the time to be reflected back up. This
is the reflection time, also called two-way travel time (twt). Each receiver’s response in time to a
single shot is known as a “trace” and is recorded onto a data storage device, then the shot location
is moved along and the process is repeated. The trace can refer to the information from one shot
that was received by one group hydrophones, as on a monitor record, or it can be the information
from a set of traces combined into one. The traces may be displayed in the form of wiggle traces, as
on a monitor record. Traces from a number of shots are combined by common depth point (CDP)
stacking to enhance the signal. A large number of these stacked traces are placed side by side to
make a seismic section. There are usually hundreds of overlapping traces on a section.

Acoustic impedance, represented by the symbol Z, is the product of the velocity (v) and density
(p) of arock layer (Kearey et al., 2002). Contrast in the acoustic impedance across a boundary gives
rise to a strong reflection dependent on fluid content, texture, porosity and composition (Equation

2.1; see below).

55



Seismic vessel

~€— Direction of vessel motion
hydrophone array

Vip2; P2
Sediment

Vipz;P:
Sediment

Figure 2.2: Simplified cartoon showing the ray path of the P-waves emanating from the airgun array reflecting

from various interfaces to arrive at the hydrophone array.
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Equation 2.1 Z=vp

The jumps in acoustic impedance across an interface are recorded as reflection wavelets on a
vertical trace (Fig. 2.3b; Kearey et al., 2002). The amplitude and polarity of the reflected energy
is proportional to the acoustic impedance contrast (Z) across the boundary (Yilmaz, 2001). The
reflectivity coefficient (RC) determines the amount of seismic energy which will be reflected from
an interface and can be expressed as a function of acoustic impedances. The reflection coefficient
depends upon angle of incidence. For normal incidence, it is described by Equation 2.2 where p; v,
and P,V are the acoustic impedance of layers 1 and 2, respectively.

Equation 2.2 RC12 = (p202—p1V1)/(P202+p1V1)

Acoustic impedance contrasts which generate strong reflections usually arise from geologically
significant interfaces such as bedding surfaces separating contrasted lithologies, fault planes, pore
fluid contacts, mineral phase changes. However, seismic records may also show events which are
artifacts such as multiples, diffractions, or returns from out-of-plane geology. Special care must be
taken to ensure these artifacts are not interpreted as geology.

The “Law of Reflection” states that the incident ray is reflected at the same angle as it was incident
on the interface (6; = 6,.) where 6; is the angle of the incident ray and 6, is the angle of the reflected ray
(Fig. 2.3a). The remaining wave energy is transmitted, or refracted, into the second layer according
to the Snell’s Law:

Equation 2.3 sin 6;/V, = sin 6,/V;
where 6; is the angle of the transmitted ray, V) is the velocity of the first layer and V; is the velocity
of the second layer. As layering increases (e.g., Fig. 2.3b), reflection and refraction continue at each
interface allowing imaging of all layers.

When a P-wave encounters a boundary where there is a significant change in acoustic impedance,

some energy is reflected back to the surface, while some is transmitted into the next layer (Fig. 2.3a).
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2.2 2D Marine Seismic Data Acquisition and Survey Geometry

In a conventional 2D marine seismic reflection survey, the vessel tows the source and the receiver ar-
rays behind it at a near constant speed (Fig. 2.4). Maintaining relatively constant speed is important
for maintaining various survey parameters. The typical source used on marine seismic vessels is the
airgun. The airgun works by controlling the movement of high-pressure air through its chamber to
send a large burst of pressured air into the water. Source signatures for single airguns are oscillatory
and can generate significant late bubble pulses. To minimize this effect, airguns of varying sizes are
often mounted in arrays with each gun contributing to the overall source signature. The pressure
in the airgun(s) is maintained by on-board compressors and shots are fired at fixed intervals. The
distance between successive shots is called the shot interval. Seismic vessels require reliable nav-
igation tools, such as global positioning system (GPS) and differential GPS (DGPS) to accurately
map the location of each shot fired. The receivers consist of hydrophone groups which are uniformly
spaced at the group interval and embedded in a long streamer, towed behind the ship just below the
sea. Because S-waves do not travel through fluids, such as water, conventional hydrophones will
only receive P-waves. Digitizers, located in the streamer near the hydrophones, convert the analog
signal to digital form at a set sampling interval, referred to as the sample rate, and relay the digital
signal back to ship via fiber optic cables. Depth controllers are often used to maintain the streamer
at a constant depth below the sea surface to minimize noise from near-surface turbulence (propeller
noise, waves etc) and to provide a strong signal from subsurface reflectors. The convention is to tow
the streamer at one quarter of the wavelength of the dominant source frequency, so that the upcoming
reflection constructively interferes with the reflection from the air-sea interface, thus a streamer at
the surface would record zero signal from the subsurface. Seismographs are located onboard and
record the incoming digital signals on a separate channel for each hydrophone group. The data are
monitored for quality and possible problems with the streamer and/or guns.

The data used in this study were collected during five separate surveys that were carried out using
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Figure 2.4: Simplified cartoon showing the various survey parameters discussed in text.

various combinations of the multichannel seismic data acquisition gear that resides at the Memorial
University of Newfoundland (MUN) and the Seismic Laboratory (SeisLab) facility of the Institute
of Marine Sciences and Technology at the Dokuz Eyliil University (IMST). The equipment was used
aboard the RV Koca Piri Reis of the IMST. For example, during the 1992 and 2001 surveys only the
MUN seismic acquisition system was used; whereas, during the 2007, 2008 and 2010 surveys the
source of the MUN system and the streamer and seismograph of the Seismic Laboratory (SeisLab)
facility were used. During the 1992 and 2001 surveys ~7300 km of multichannel data were collected
across the northeastern sector of the eastern Mediterranean Sea. During the 2007, 2008 and 2010
surveys ~9400 km of multichannel reflection seismic data were collected along the western Cyprus

Arc between the Antalya, Rhodes, Finike and Herodotus basins in the eastern Mediterranean. The
locations of all the reflection profiles were carefully chosen with lines running broadly perpendicular

to the general trend of the prominent structures with several cross lines and tie lines to facilitate
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correlation between seismic profiles (Fig. 2.1). Satellite navigation and GPS were used during the
1992 and 2001 surveys, respectively, whereas navigation was accomplished using an onboard GPS
system during the 2007, 2008 and 2010 surveys.

The flow chart describing the detail cruise set-up for the multi-channel seismic surveys is shown
in Figure 2.5. The source for the MUN multichannel data consisted of a Halliburton sleeve gun
array, employing gun sizes of 40, 20 and 10 cubic inch (656, 328 and 164 cm?), with the total
volume varying during maintenance cycling of the guns, but typically 200 cubic inch (3277 cm?).
Shots were fired every 25 m, and reflections were detected by the last 12 channels of the 48 channel
streamer (group intervals = 12.5 m) in 1992, the full 48 channels (group intervals = 12.5 m) in 2001,
the 72-channel (group interval = 6.25 m) in 2007, the 96-channel (group intervals = 6.25 m) in 2008
and the 216 channels (group interval = 6.25 m) in 2010. The resultant data consisting of 3-fold in
1992, 12-fold in 2001 and 2008, 9-fold in 2007 and 27-fold in 2010 were recorded digitally for 3—7
s (with delay dependent on water depth on early surveys) at 1 ms sample rate, using an DFS-V in
1992, OYO DAS-1 in 2001 and Hydrosciences NTRS2 seismographs in 2007, 2008 and 2010. The
geometry of the surveys is provided in Figure 2.4 and details of the acquisition geometry are given
in Table 2.1.

After the data collection, the raw data needed to be processed to provide final images of sub-
surface structure and to increase the quality and resolution by spatially distributing reflection points

correctly and eliminating unwanted events (e.g., Yilmaz, 2001).

2.3 CDPs, CMPs, and Seismic Data Fold

Before describing the 2D seismic data processing steps it is useful to understand the method of
stacking of common mid-points (CMP). The process of sorting the data using the CMP method
provides multiple coverage of each point sampled in the subsurface (i.e., every point is sampled

>1). Thus, sorting the data using the CMP method creates redundancy of the sampled points, and
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Figure 2.5: Flow chart showing the relationships between the navigation, source, receiver and recorder

used during the acquisition of the multichannel seismic reflection data used in this study (adopted from

http://web.deu.edu.tr/seislab/eng_index.html)
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Table 2.1: Sismic survey and data acquisition geometry.

emed-1992 emed-2001 emed-2007 | emed-2008 | emed-2010
stern to source (X1) 40m 37 m 50 m 50 m 50m
rearaoopb® | Sm | sm | wm | wm | om
Pnﬁgisap'h&g‘; grotp 125m 125m 6.25m 6.25m 6.25m
channel number 12 48 72 96 216
active streamer length 150 m 600 m 450 m 600 m 1350 m
source and streamer 3m 3m 3m 3m 3m
depth (Y1)
shot interval 25m 25m 25m 25m 25m
fold g 12 9 12 27

integrating the repeated traces increases the signal to noise ratio and ultimately enhances the quality
of the seismic image (Fig. 2.6a). This process is called CMP sorting where each trace is assigned a
midpoint for a source receiver pair and all traces that correspond to a given midpoint create a CMP
gather (Figs. 2.6a). The number of traces in a CMP gather represents the redundancy of each sampled
point by any of the hydrophone groups and defines the fold of the dataset.
Equation 2.4 fold = X (number of channels)(group interval / shot interval)
A higher fold results in higher sampling of subsurface points and improves the quality of the final
image. The point on the subsurface that has been sampled several times by different source-receiver
pairs is called a CMP. Spacing of the CMPs, assuming horizontal reflectors, is calculated by:
Equation 2.5 CMP Spacing = %(group interval)
Note that when the subsurface reflectors are not horizontal, CMPs are not equivalent to CDPs

(Fig. 2.6b). The assumption of CMP and CDP equivalency in the CMP sorting process creates arti-
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Figure 2.6: Tlustration of CMP and CDP non-equivalency (adopted from King, 2014).

facts on the seismic record and requires an extra processing step to restore true subsurface locations

of dipping reflectors (i.e., migration, discussed later in this Chapter).

2.4 Seismic Data Processing

The aim of seismic data processing is to enhance the signal to produce interpretable seismic sections
that are closest to the true image of the subsurface structures or singularities. A conventional ma-
rine seismic reflection data processing flow generally includes: analysis of shot records, frequency
filtering, gain control, application of geometry and CMP sorting, CMP gather (CMP is used inter-
changeably as CDP), velocity analysis, normal move out (NMO) correction, deconvolution, stack
and migration (Fig. 2.7).

The success of each process in the data processing flow depends on the reliability of the previ-
ous stages as well as the parameters defined within each step. A seismic record contains random and
coherent noise as well as primary reflection. The random noise can originate from various sources

including electrical noise from the recording instruments, strumming noise caused by the vibration
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of the streamer in water due to towing speed, general vessel noise originating from propellers, gen-
erators, compressors and the wave noise caused by rough sea conditions. The coherent noise, on the
other hand, occurs most commonly in the form of multiple reflections originating from secondary re-
flections from the interfaces, monofrequency waves generated by alternating current electrical power
lines, and low frequency waves originating from the streamer cable.

One of the most important aspects of data processing is to suppress the noise in order to increase
the signal-to-noise ratio. The most common noise suppression methods are filtering, deconvolution
and stacking. After the noise component is minimized and stacking is performed, migration is ap-
plied to the data to move the dipping reflectors to their true subsurface locations and to collapse
diffraction hyperbolae. Care must be taken, as combinations of different choices of processing pa-
rameters can produce quite different results. In addition, there are some other common processing
operations that should be applied before the main procedures. Preprocessing, noise attenuation and
filtering and static corrections are some of these. Before explaining the main processing steps, the
preprocessing operations are briefly summarized. Pre-processing is required to convert the format
of the seismic data. Usually, the data is acquired in SEG-D (Society of Exploration Geophysicists D
format) and in order to process it, the data need to be converted to SEG-Y (Society of Exploration
Geophysicists Y format), which is a standard format for seismic data processing (Sheriff and Geldart
1995; Dentith and Mudge 2014). The geometry of the seismic line should be set up. Accurate coor-
dinates of source and receivers must be defined since these play an important role in static corrections
and stacking of the data correctly.

Seismic reflection data processing has been carried out using ProMAX® software by Landmark.
Approximately 3000 km seismic data has been processed for this Ph.D. thesis collected across the
western Cyprus Arc area of the eastern Mediterranean (Fig. 2.1). The other lines used for inter-
pretation were acquired during the 2001 survey and previously processed at Memorial University

of Newfoundland. In this study all seismic data processing except the data provided by TPAO was
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completed at Memorial University of Newfoundland using the StarPak®© software (1992 and 2001
vintages) and the Landmark ProMAX®© software (2007, 2008, 2010 vintages). The ProMAX© 2D
multichannel seismic data processing flow was used to process all lines from the shot domain to final
migration and is provided in Figure 2.7. The processing steps are described in greater detail below
with specific references to the 2007 and 2010 seismic reflection profiles which were processed by

the author.

2.4.1 Analysis of Shot Records/Display

The analysis of the shot records involves the examination of the raw data using all channels, paying
attention to the frequency content, amplitude variations in the data. A shot record contains the data
recorded on all available channels following a single shot (Fig. 2.8). A typical shot record will
contain both signal (i.e. hyperbolic primary reflections) and noise (e.g. linear direct wave, noisy
traces, refractions, lowfrequency noise from equipment, multiples, etc.). The display application
in ProMAX® is a very useful tool for analysing the shot records. It is used to display the data on
the screen for visual inspection during processing. By analysing the trace display for each line it
is possible (i) to determine optimal filter parameters, (ii) to perform trace editing and correct time
delays if necessary, and (iii) to apply an appropriate gain control. The display flow is also used to
create paper-plots that are printed at various steps during processing for data quality control and to
produce the final bitmap images.

Initially, the raw data is loaded into ProMAX® work space using the SEG-Y input application.
Next, the shots are displayed using all channels (Fig. 2.9) and as a single channel/near trace gather
(Fig. 2.10) to examine the trace display of the raw data along with the corresponding amplitude
spectrum, which involves running of a spectral analysis. This process allows an initial determination
of the signal and noise for the data set.

First inspection of the raw data shows that the signal to noise ratio in the 2007 (e.g. Fig. 2.11) and
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Figure 2.8: (a) Illustration of a marine shot record (bandpass filter applied, no AGC) showing several features
including the direct wave, primary reflections, seabed multiple and a noisy channel. 7Tnc = time associated
with the onset of the first pulse of a near-offset noisy channel, ¢’ = actual arrival time of the direct wave.
Note how the amplitude of reflections diminishes significantly with depth except the amplitude of the seabed
multiple which remains very strong. Also note how the seabed multiple has the opposite polarity relative to
the seabed reflector (i.e., first primary reflection). On the noisy channel, a large pulse can be seen shortly after
the assumed zero-time, which indicates the time of shot (real zero-time) and therefore the static correction
that must be made to the data. (b) Same shot record, but with AGC applied. Note how the stronger, shallower
reflections are slightly scaled down and the weaker, deeper reflections are scaled up (adopted from King,

2014).
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Figure 2.9: Trace display of the raw data using all channels.
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2010 data is very low and it is hard to distinguish primary reflections. The seabed reflection can be
distinguished at ~500-3000 ms, but it is strongly masked by high levels of noise (e.g. Fig. 2.11). The
amplitude spectrum of the raw data graphically represents the amplitudes of the various frequencies

of the seismic signal and it is a direct indicator of the low signal to noise ratio for this dataset.

Frequency Filtering and Spectral Shaping

A frequency filtering technique is applied within the frequency range of the data set following the
inspection of the raw data. This technique is used to eliminate the low and high frequency noise
while enhancing the primary energy to increase the signal to noise ratio in order to give the operator
a clearer image of the data and its frequency content. Frequencies of primary reflectors can be
estimated from the raw shot gather:

Equation 2.6 Fr=1/Tr
where Fr is the dominant frequency of the reflection and Tr is the period of the waveform. This
information can be used to construct a filter which will retain only this desired frequency range
and attenuate the noise contained outside this range. A filter that retains certain frequencies while
rejecting others is called a bandpass filter. One common bandpass filter is the Ormsby filter which
uses four input frequencies, f1 — f2 — f3 — f4 to form a 4-sided polygon in F-K space: f1 = low-
cut frequency, f2 = low-pass frequency, f3 = high-pass frequency and f4 = high-cut frequency
(Fig. 2.12b). The range f2 — f3 is the bandpass and f1 and f4 determine how abruptly to cut off
the filter. The sharp discontinuities at either shoulder of the filter can result in ringing in the filtered
image. Special cosine filters can be applied to the upper corners of the polygon creating smoother
ramps to reduce the ringing effect in the filtered image.

In this step both Ormsby and Butterworth filters were tested using the trial and error method, by
altering the filter and phase values to develop the best possible filter for 2007 and 2010 data sets on

the filtering application in ProMAX® (Fig. 2.12a, b). Based on the observed frequencies on the shot
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Figure 2.11: (a) Trace display of 2007 raw data using all channels. The red line highlights the seabed
reflection at ~500 ms and (b) the amplitude spectrum of the raw data. Notice that the primary signal is

dominated by noise and that there is a significant low frequency peak <10 Hz.
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Figure 2.12: (a) Ormsby filtering method, (b) Butterworth filtering method, (c¢) after applying a 20 - 60 - 200
- 250 Hz Ormsby frequency filter, the 50 - 250 Hz signal is amplified for 2010 data, (d) amplitude spectrum
after a bandpass filter was applied to 2007 data. Note that at (d) although the signal has been amplified the

large peak of low frequency noise has not been eliminated by the filter on 2007 data.
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gather the most favourable filter is determined to be an Ormsby filter, a trapezoidal bandpass filter for
2010 data set, using the following parameters: low-cut frequency of 40-60 Hz, high-cut frequency
of 200 Hz, low- and high-frequency slopes cutting the frequency axis at 20 Hz, and 220-250 Hz,
respectively (Fig. 2.12a,c). For 2007 data set, Butterworth bandpass filtering method used with the
following parameters: 40-220 Hz. It is important to remember that applying a permanent filter at
this early stage of processing can lead to removal of frequency content which can adversely affect
the quality of the final image.

The filtered data shows significant improvements in the signal to noise ratio for both 2007 and
2010 data sets. However the low frequency noise is clearly visible through the filtered 2007 and
2010 profiles of the north-western portion of the study area. The large peak of low frequency noise
at ~10 Hz continues to dominate the spectrum, reaching values >95% power (Fig. 2.12d). In order to
eliminate the low frequency spike, the spectral shaping process was necessary. This process balances
frequency content by applying a spectral shaping algorithm to all input traces (ProMAX® Users
Manual). Spectral shaping in the frequency domain scales and multiplies all frequency components
by a specified contour with no effect on the original phase of the data. The shaping function is
defined by a series of frequency-amplitude pairs, where amplitudes are given as a percentage of
the maximum amplitude. The low frequency spike is completely eliminated from the amplitude
spectrum with the best shaping contours for the 2010 data set (Fig. 2.13a and b). It is important to
point out that both bandpass filter and spectral shaping are used for display purposes only and are
never applied permanently to the data. This step provided the operator the necessary information to
determine if further trace editing is required, such as the removal of noisy and/or dead traces, and

time delay corrections.
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Figure 2.13: (a) Segment of the 2007 data showing the shot records before the application of the frequency
filtering, where the low-frequency noise dominates the shot record, (b) Segment of the 2007 data showing the
shot gathers after the frequency filtering, trace editing and AGC applications: here the low amplitude deeper

reflections have been enhanced.
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i. Trace Editing

The trace editing process of seismic data has been used in this study includes two steps: (1) removing

bad traces (Fig. 2.14a), (2) time delay corrections (Fig. 2.14b; static corrections).

Channel #

Figure 2.14: (a) Segment of the 2007 data showing the application of trace editing with zeroed Channel#13,

(b) shows the 500 ms delay change on the profile.

(1) Removing bad traces: An inspection of the trace display (e.g., Figs. 2.9, 2.10) confirms that
there was 1 noisy trace in 2007 and 3 noisy traces in 2010 data set randomly distributed along
the streamer. The noise was probably generated within the hydrophone array either associated
with the portions of the streamer exposed on the sea-surface due to rough sea conditions or
malfunctioning birds (streamer depth controller), garbage trapped around birds or air bubbles

trapped within the streamer. These traces were zeroed before further processing was carried
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2

out. In spite of the fact that deleting the traces decreases the fold on the stacked section, a

compromise had to be made to achieve a reasonable signal-to- noise ratio (Fig. 2.14a).

Time delay corrections: This process was only applied on the 2007 data set because there
was no time delay used in the 2010 data set. Because of the short shot cycle time, and the
time required to write the data to the storage device in 2007, it was necessary to use delayed
recording to maximize the recorded information from the seabed and below. This process
starts with checking each trace of the near trace gather individually to ensure the correct field
file identification (FFID) number is determined for each delay change on display application
of ProMAX®. In order to determine the exact FFID where the delay was applied it was nec-
essary to zoom in and inspect each trace individually (Fig. 2.14b). A ProMAX® processing
application “hand-statics” is used to shift the time-delayed data back to its original position.
Record time delays varying between 500-3000 ms (depending on the water depth) were applied
during data acquisition in deep water regions in order to maximize the amount of sub-seafloor
data that was recorded at all times. The data were shifted downward with the amount of the

delay to place the reflections to their original arrival times (Fig. 2.15a,b).

ii. Automatic Gain Control (AGC)

AGC is a function that attempts to correct for amplitude attenuation with depth by using a sliding

window to scale-down higher amplitudes and scale-up lower amplitudes (e.g., Fig. 2.8). The choice

of window is extremely important for the AGC function: a window that is too small will make strong

reflections indistinguishable from weak reflections and all amplitude information is lost; a window

that is too large will not scale amplitudes enough and amplitude of deeper reflections may still be too

low. AGC does not discriminate between signal and noise and will amplify both equally. Permanent

application of the AGC function means all original amplitude information is lost; such a function

should not be applied to the data early in the processing flow. AGC was used in the gain functions

77



Time (s)

Figure 2.15: (a) Segment of the 2007 data showing the trace display with a number of delay changes,
(b) shows the trace display after hand statics correction applied. Note that the delays are now corrected and

the sea bed is shifted to its correct position.

on ProMAX® to process the 2007 and 2010 data sets. The width of the window was selected as
500 ms because a broad sampling interval has been sufficient to give the desired result — an overall
even signal level but retaining local high amplitudes of stronger reflections. Figures 2.13 a,b shows
that the data before and after the application of AGC. It is important to note that applying a gain
function permanently alters the true amplitude information, thus caution must be exercised when
using a gain function. During data processing the AGC function was not applied permanently to the

data and was used for display purposes only.

2.4.2 Geometry and CMP Sorting

Because the survey grid lines are very nearly straight , specific survey navigation coordinates were
not required for processing this data set. Instead, the survey geometry was entered into ProMAX’s 2D
Marine Geometry Spreadsheet and headers were created using relative floating coordinates. CDPs

imaged by different shot-receiver pairs were grouped together (Fig. 2.16). Note that the CDPs re-
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ferred to in this context are actually CMPs (or common mid points). Processing these CMPs as
though they were CDPs creates artifacts on the seismic record from mis-positioned reflectors. Repo-
sitioning of the true locations of subsurface depth points does not occur until after stacking (further

discussed below); however, for the purpose of this discussion it will be assumed that CDP ~ CMP.

twt
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Figure 2.16: CDPs imaged by different shot receiver pairs grouped together. The seabed is highlighted in

purple; seabed multiple is highlighted in red.
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The geometry information of the seismic data, including the positions of the source and receivers,
were defined by carefully determining several parameters including the minimum and maximum off-
set, the shot and receiver intervals, and the sailing azimuth. This information carries the data used for
further processing for the velocity analysis and common midpoint (CMP) stacking (Figs. 2.16-2.19).
The shooting geometry for the 2007 and 2010 survey was applied to the dataset using the ProMAX®©
2D auto function to create a 2D Marine Geometry Spreadsheet. After the geometry information was
incorporated with the data, the originally acquired shot and receiver coordinates were transformed to
midpoint and offset coordinates by assigning each trace to the midpoint between the associated shot
and receiver locations, a process known as CMP sorting. Sorting the data using the CMP method
creates multiple coverage of each point sampled in the subsurface, increases the signal to noise ratio
and ultimately enhances the quality of the seismic image (Figs. 2.6, 2.16). Consequently, traces cor-
responding to the same midpoint were assembled to form a CMP gather. The number of traces in a
CMP gather represents the redundancy of each sampled point and defines the fold of the dataset. By
applying the correct geometry to the data set it was possible to create a binning spreadsheet which
assigns each trace to a CMP. The CMP gathers created were further used to determine the staking
velocities during the velocity analysis (Figs. 2.17-2.19). After the shooting geometry was applied to
the data, by applying the geometry information to the individual trace headers, it was necessary to
do some trace quality control by carefully examining the final geometry spreadsheet to ensure that

each channel corresponds to the correct CMP.

2.4.3 Velocity Analysis and Normal Moveout (NMO) Correction

The quality of seismic imaging depends highly on the accuracy of the velocity analysis used during
processing. Velocity analysis is one of the most important processes used to ensure the following
steps of the processing such as, NMO correction, stacking and migration, are successful. Velocity

analysis is performed based on the variation of NMO with travel time with the assumption of hy-
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Figure 2.17: Cartoon depicting the velocity analysis using semblance and the subsequent NMO correction
of the CMPs (adopted from King, 2014).
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Figure 2.18: A series of seismographs showing CMP gathers with (a) hyperbolic NMO response, (b) events

that have been corrected for NMO and (c¢) a stacked seismic trace (modified after Yilmaz, 2001).
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Figure 2.19: NMO-corrected CDP gathers are stacked to increase the signal/noise ratio.
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perbolic reflection ¢ — x trajectories. It is usually applied to CDP gathers before stacking by using
the primary velocity function. The estimated velocities are then used to eliminate the time delay
associated with the finite distance between the source and the receiver in the CDP gather, a process
known as the NMO correction. The NMO correction is applied to the CDP gathers before stacking
by using the primary velocity function (Figs. 2.17-2.19).

There are several methods used to determine the stacking velocities from seismic data, including
the semblance spectra, constant velocity stack, and the constant velocity gathers (Yilmaz, 2001,
ProMAX®© Users Manual). The semblance spectrum is a contour plot of stacked reflection strengths
(actually semblance) against time and velocity calculated for a wide range of time and velocity.
The point in the spectra with the maximum coherence or semblance (“bull’s eye”) is the best NMO
velocity provided that the event is a primary reflection (Yilmaz, 2001). This technique is based on
the correlation of traces rather than the lateral continuity of stacked events, the semblance velocity
spectrum panel yields good resolution in both velocity and time and allows the identification of
multiple reflections as well as providing a reasonable stacking velocity function. The display is
usually in the form of semblance contours on a time-versus- velocity graph, where the peaks indicate
the maximum coherence, from which the optimum stacking velocities can be derived for an event at a
given time. The gather panel is achieved by forming a common-offset-stacked gather of a number of
CDPs and observing the effect of NMO correction using a specified range of velocities (Figs. 2.17,
2.20, 2.21). If the velocities used in the removal of normal moveout are greater (or smaller) than
the primary stacking velocities then hyperbolae corresponding to events appear undercorrected (or
overcorrected) (Figs. 2.22, 2.23). Finally, the velocities, which are able to flatten the hyperbolae on
the gather, are picked as the stacking velocities (Figs. 2.20, 2.21).

During the processing of the 2007 and 2010 data sets, it was important to spend a considerable
amount of time on the velocity analysis of each profile. The velocity analysis was carried out cre-

ating the CMP supergathers by summing together several adjacent CMPs, in order to increases the
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Figure 2.20: Segment of the 2010 data showing the velocity analysis with (a) the velocity color spectrum,

(b) CDP gather and (c) constant velocity stacks used to determine the stacking velocities.
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Figure 2.21: Segment of the 2007 data showing the velocity analysis with (a) the velocity color spectrum,
(b) CDP gather and (c¢) constant velocity stacks used to determine stacking velocities. Note that there is

decrease in velocity resolution starting at 3.8 s and extending to 5.0 s.
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Figure 2.22: (a) Velocity semblance spectra with a velocity pick where the velocity is too low (b) the NMO

is over-corrected on the CMP gather, with events curving up, (c) the data are not stacking on the constant

velocity stacks.
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Figure 2.23: (a) Velocity semblance spectra showing a velocity pick where the velocity is too high (b) the
NMO is under-corrected on the CMP gather, with events curving down (c) the data are not stacking in on the

constant velocity stacks.
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quality of the semblance spectra. The supergathers provide the location and range of CMPs packed
together into ensembles for the velocity analysis (ProMAX®© Users Manual). During this step the
2D supergather formation application has been used in ProMAX®© to determine the velocities that
produce the best NMO correction (Fig. 2.20).

During the velocity analysis of the profiles from the Florence Rise and its environs the minimum
and maximum expected stacking velocities were defined as 1480 m s~ and 2500 m s, respectively.
These velocities were defined according to the past experiences in the study area and also preliminary
testing. The lateral sampling interval was selected to be every 500" CMP, and was increased in areas
where more velocities were needed depending on the complexity of the area for a reasonable lateral
resolution on the semblance panel. An example of a possible velocity trend is delineated by the
white dots located at the semblance peaks in Figure 2.20. The semblance window also has the option
to use the interval velocity tool, shown as a black downward stepping line on the velocity spectra
(Fig. 2.21). Using the interval velocity function increases your confidence when picking, with the
general assumption that velocity increases with depth (except when Messinian evaporate deposits
are present, see Chapters 4 and 5). Reliable estimates of the interval velocities are also useful for
converting reflection times to depth.

The length of the streamers used for the data collection of this study has a major impact on
velocity analysis. The fact that the streamer length is small compared to the water depth yields
only small moveouts, resulting in an overall fairly broad range of velocities that are able to stack the
events. The velocity analysis sample window corresponding to the 72-channel 2007 data and the
216-channel 2010 data are displayed in Figures 2.21 and 2.22, respectively. On the 2010 data, the
sharp semblance peaks, the well aligned hyperbolas and the high amplitude, continuous appearance
of events, are recognized in the shallow portions of the data due to greater moveout at shallow depths.
Note that there is decrease in velocity resolution starting at 4300 ms and extending to 5000 ms in

2010 data while there is higher decrease in velocity resolution starting at 3800 ms and extending to
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5000 ms in 2007 (Figs. 2.21, 2.22). The poor constraints on the velocities below 3800 ms decreases
confidence for making good velocity picks at greater depths on the semblance analysis alone, but it
was possible to integrate the semblance analysis with the CMP gathers and constant velocity stacks
and use all three to make the best possible pick (Figs. 2.20, 2.21). The constant velocity stack, is
done by correcting the normal moveout of a specified number of CMPs using either a set of constant
velocities or time-variant velocity functions and then stacking them. And, the CMP gather displays
the common offset stacked supergather for the specified CMPs (Fig. 218, 2.19). It was possible to
see if each pick was under- or over-corrected for the NMO velocity by using the interactive NMO
application to the CMP gather. When the velocity pick is too low and over-corrected for NMO the
event will curve up (Fig. 2.22). If the pick is too high and is under-corrected for NMO the event will
curve down (Fig. 2.23). Finally, when the NMO velocity is correct the given reflection in the gather
will appear flat in time (Fig. 2.24). Integrating these three velocity analysis methods significantly
increased confidence when picking velocities.

After the velocity picking was complete it was necessary to display the output velocity field
and edit the function using the velocity viewer/point editor (Fig. 2.25a,b). The velocity viewer/point
editor tool allows velocity picks to be manipulated and the new velocity function is output and saved.
The velocity editing tool was also used to delete unwanted CMPs from the velocity function and to
do some minor smoothing where sharp edges occurred (Fig. 2.25b). Editing the velocity function
for stacking was not critical because the water levels are relatively deep and the data stacked quite
well over a wide range of velocities. However, velocity editing was very important when choosing
the correct velocities for migrations. Migration velocities will be discussed in greater detail later in

this chapter.
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Figure 2.24: (a) Velocity spectrum showing a good velocity pick at a semblance peak on the velocity color
spectrum, (b) the normal move out is corrected, with the events flattened on the CMP gather, (c) the data are

stacking in on the constant velocity stack.
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Figure 2.25: Velocity viewer/point editor with (a) output velocity function created from picking the NMO
stacking velocities: here notice the sharp edges on the dipping structures, (b) velocity function post velocity
editing where there are less CDP’s and the velocity function has been slightly smoothed in comparison to the

original velocity function in (a).
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24.4 Common Midpoint (CMP) Stacking

Stacking is one of the most efficient steps in data processing in terms of improving the data quality.
The stacked seismic sections show a significant increase in the signal to noise ratio, but the image
is distorted by the diffraction hyperbolas and migration is required. The stacking process involves
summing together each trace in the NMO corrected CMP gather and dividing the sum by the total
number of traces in the gather to produce a single stacked trace (see Equation 2.6; Fig. 2.18).

Equation 2.7 Stack = Y,(1/n Y1 S(1))

The traces in a CMP gather corresponding to various offsets are summed at each time sample to
give a single trace, equivalent to zero offset, on the stacked section. Stacking not only compresses the
dataset but also attenuates both random and coherent noise (Figs. 2.18, 2.19). The primary reflections
tend to have less NMO than the multiple reflections. For a primary and multiple reflection arriving
at the receiver at zero offset at the same time, the NMO of the primary reflection is less than the
multiple because a greater portion of the travel path of a multiple reflection is confined to the shallow
part of the subsurface. Hence, its propagation velocity is lower compared to the primary reflection,
which penetrates into the deeper, higher velocity media. As a result of NMO correction using the
velocities estimated via velocity analysis, the hyperbolae corresponding to the primary reflections
are flat in time while the multiple reflections remain undercorrected. During CMP stacking, the
aligned primary reflections add up constructively, yielding high amplitudes, while the undercorrected
multiple reflections do not show amplitudes that stand out on the stacked section. The random noise,
because of its uncorrelatable character from trace to trace, is also attenuated by the stacking process
(i.e., the signal-to- noise ratio being enhanced by n'/? where n is the stacking fold).

Stacked data is displayed as zero-offset data set assuming normal-incident P-waves reflected on
horizontal layers (i.e., CDPs are treated as CMPs). This results in distortion of dipping reflectors.
Dipping reflectors are imaged to be longer and less steep than they really are (Fig. 2.26a,b). Geo-

logical features like anticlines, synclines, and faults are distorted in the stacked section. Anticlines
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appear broader and display reflector cut-off at either limb (Fig. 2.26¢,d). Synclines appear narrower
and may display “bow-tie” geometry (Fig. 2.27a,b). Faults, sharp edges and dipping surfaces appear
as a series of diffractions on the seismic profile (Fig. 2.27¢c,d). In order to correct for this distortion,
the data must be migrated.

A near trace gather and a stack section of a range of shots are displayed in Figure 2.28. Note that,
on the stack section reflectors stand out more distinctly and an improvement in the signal-to-noise

ratio is recognized.

2.4.5 Migration

The goal of migration is to focus the seismic image. The image is inherently out of focus when we
observe it at the surface. The migration focuses the image by some form of downward continuation
of the wave field observed at the surface down to the point of origin of the reflection or diffraction.
That is why, for instance, an out of focus point diffraction is collapsed to a point source during
migration. On a stacked seismic image, dipping reflectors appear at slightly incorrect locations with
respect to the location of the sources and receivers, and diffraction hyperbolae occur where there
are discontinuities along the reflectors. Migration is the processing technique used for collapsing
these diffraction hyperbolae, moving dipping reflections to their correct locations, increasing the
spatial resolution that accurately illustrates the geological setting of the subsurface (Figs. 2.28b,c,
2.29). Thus, the migration process focuses the final seismic image, making detailed structural and
stratigraphic interpretations possible. The accuracy of the migration is controlled by a number of
factors such as: the proximity of stacked section to zero-offset section, the signal/noise ratio, and the
quality of the velocities used during migration.

Migration can be performed either pre- or post- stack. Where geology is complex, pre-stack
migration produces better signal-retention, but the computational cost is high. Migration can be ex-

ecuted in either in time or in depth. Depth migration requires accurate interval velocity information
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Figure 2.26: On a CMP stack, dipping reflectors are imaged longer and less steeply than they really are.
(a) Imagined positions of P; and P, on reflector with apparent dip = o', (b) true subsurface position of P
and P, on reflector with true dip = @, (¢) actual subsurface anticline, (d) because of the curved surface, two
reflections originating from the same reflector are recorded at CMPs 2 and 6. Note how the anticline appears

broader on the CMP stack section (adopted from King, 2014).
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Figure 2.27: (a) Actual subsurface syncline, (b) the reflector is imaged several times at the CMPs because of
the curvature, resulting in bow-tie geometry in the stacked section. Note how the syncline appears compressed
in the stacked section. (c) Actual geology of a dipping reflector and an extensional fault, (d) diffractions

generated in stacked section (adopted from King, 2014).
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Figure 2.28: Trace display shows 2010 data before the stacking process.
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Figure 2.28: Trace display shows 2010 data after the stacking process.
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Figure 2.28: Trace display shows 2010 data after the migration process.
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Figure 2.29: Tllustration of migration principles. Note that after migration, the reflector is shortened, dip is

increased (i.e., 0 < 0'), and reflector is moved up-dip (modified from King,2014).
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and therefore, time migration is commonly used for interpretation purposes, especially in deep wa-
ter surveys like the present study, where velocity is not well constrained. Time migration assumes
diffractions are hyperbolic and uses this to collapse diffractions while depth migration uses a known
velocity model to more-correctly approximate diffraction shapes.

In this study post-stack time migration techniques are used to be able to make detailed structural
and stratigraphic interpretation possible for the 2007 and 2010 seismic reflection data. To estimate
accurate migration velocities, the Stolt (constant and variable velocity) and 2D Kirchhoff time mi-

grations techniques were applied to the post-stack data on proMAX®© sofware.

i. Constant Velocity Stolt Migration

Stolt constant-velocity migration is a very fast migration, using a transformation into the frequency
domain, migration operation and inverse transformation. However, the end-result is not as good
as other migration algorithms in the time domain because it does not handle complex structures
and lateral variations in velocity well. This step of migration was only used to estimate the proper
velocities for the subsequent migration techniques.

In this study for both 2007 and 2010 data set, F-K Stolt constant velocity migration were applied
and printed with the velocity values of 1500, 1600 and 1700 m s~! to generate constant velocity plots.
Working on paper copies made it easier to compare the sections and identify the best velocities for

the variable velocity Stolt migrations and Kirchhoff migration.

ii. Variable Velocity Stolt Migration

Variable-velocity Stolt migration was used next to give a better image than the constant-velocity Stolt

migration, while still suffering from the same disadvantages.
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Kirchhoff Time Migration

The Kirchhoff migration algorithm is a much more accurate migration procedure than Stolt, but
takes a lot longer to compute. It collapses the diffraction hyperbolae visible on stacked sections by
summing the amplitudes of the diffraction hyperbolae of all the secondary sources and placing them
at the appropriate apex (Fig. 2.30). The technique has the advantages of: (1) migrating events with
steep dips up to 90°, (2) being efficient when velocity varies vertically.

During the migration of the study area profiles, the Kirchhoff time migration was performed as
a final migration step. The stacking (or RMS) velocities obtained through velocity analysis, when
used in migration, resulted in over-migrated hyperbolas particularly at deeper portion of the section.
The appropriate migration velocities, which were successful in collapsing the hyperbolas, were de-
termined by performing a number of tests. Figures 2.31a and b provide example of a stacked section

and its associated final Kirchhoff migration.

2.4.6 Multiple Attenuation

Deconvolution and stacking are the two most effective multiple removal tools. There are two types
of deconvolution techniques, spiking deconvolution and predictive deconvolution. Spiking decon-
volution (also called spectral whitening) increases the temporal resolution of the data by collapsing
the seismic wavelet to a spike, which is closer to the true geological response. Strictly speaking,
the spiking deconvolution operator is the inverse of the wavelet. The process is carried out using
both the inverse and the least-squares statistical filters and is dependent on the length of the filter and
whether the seismic wavelet is minimum phase or not (Yilmaz, 2001, proMAX Users Manual). The
unwanted response of the source, receiver and instruments are treated as linear filters and inverse fil-
ters are designed to attenuate these effects. The success of the deconvolution rests on the assumption
that (i) the seismic wavelet is minimum phase, and (ii) the information on the original form of the

wavelet is known, or can be estimated from the recorded trace. In this study, a spiking deconvolution
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Figure 2.30: Tlustration of the Kirchhoff migration principles. (a) Zero-offset stacked section, (b) Kirchhoff

migration maps the amplitude at points P;; or P» | to apexes A| and A», respectively.
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Figure 2.31: (a) The stacked section shows bowties and reflectors dip at incorrect angles, whereas (b) the
migrated section shows that diffraction hyperbolae are collapsed and reflectors are repositioned nearer to their

true subsurface locations.
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technique was attempted to compress the seismic wavelet and increase the temporal resolution of
the data however, this pre/post stack technique failed to be efficient because it introduced more high
frequency energy to the seismic data.

A predictive deconvolution process is designed by analysing the autocorrelation for a given trace
to determine the parameters required for deconvolution (Lines, 1996). The correct parameters (the
prediction distance and the deconvolution operator length) of the predictive deconvolution removes
the predictable part of the wavelet (the multiples) and only primary reflectors are left behind. The
predictive deconvolution technique was also tested after the application of migration process to try to
attenuate the seabed multiple both for 2007 and 2010 data sets. This deconvolution application only
partially removed the sea bed multiple due to the presence of complex sea floor morphology and
less than two multiple repetitions within the prediction window. Other types of multiple removal
processes include frequency-wavenumber (FK) - domain multiple removal and the wave equation
multiple removal (WEMR). However, neither of these techniques (FK and WEMR) proved to be
particularly beneficial for this data set.

The application of a deep low velocity layer in migration was attempted to try and suppress
the migration smiles coming from the residual sea bed multiples. Following the addition of the
low velocity layer, the multiple was still over-migrated, but the smiles that penetrated up through
the section were drastically reduced (Fig. 2.32a,b). In the end applying a trace mix to attenuate
diffraction smiles from migration was also beneficial. Weighted trace mixes using of 5, 7, 9 or 11
traces were performed in different areas through the study area to reduce the diffraction smiles.

For the final display image of a seismic section a top-mute 20 ms above the seabed was con-
structed for each seismic reflection profile. This ensured a cleaner-looking final image. Before final
output, the top-mute was applied to the data along with the 20-50-200-250 Ormsby bandpass filter

and the 500 ms AGC filter. The final display for the fully processed profile is shown in Figure 2.33.
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Figure 2.32: (a) Trace display of a final migration with no low velocity layer, (b) final migration with the

application of a low velocity layer.
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Figure 2.33: Fully processed Line A with final display parameters which include a 20 ms top-mute, a 20-50-200-250 Hz Ormsby bandpass filter and a
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2.5 Interval Velocity Determination and Time-Depth Conversion

Accurate interval velocities are needed in order to carry out time — depth conversions. Although
seismic reflection profiles are not depth-converted in this thesis, the average interval velocities are
calculated for the upper Messinian—Quaternary and Messinian succession to allow accurate litho-
stratigraphic interpretation and the correlations between well and seismic data. For this thesis it was
assumed that Vo ~ Viys (methodology for determining V,,,, described in previous section). The
determination of the RMS velocities allows the calculation of interval velocity, V;y;, between one
reflection with velocity Vs, and a second reflection with velocity Vi, using the Dix Equation:

Equation 2.8 Vir = {[(V312/2) = (V3 11/ [(12/2) = (11 /2)]}1/2
where #; and 1, are the zero-offset TWT for the first and second reflectors, respectively. Once the
interval velocity is determined, depth can be calculated using the simple relation

Equation 2.9 d=dy+Vin(tr —11)
where d) is the depth to the first reflector (note that V,y,(t, — 1) gives the thickness of the layer). This
process can be extended to calculate depth for multi-layered systems.

The sonic velocity data from the exploration wells and interval velocities from the seismic data
processing show that the velocities in the upper Messinian—Quaternary sediments increase from
~1500 m s~ ! at the sediment—water interface to 2000-2300 m s~ ! at the base of the succession,
Miocene siliciclastic successions have interval velocities of 30003500 m s~! and the Messinian
evaporites of Unit 2 in the study area exhibit values ranging between 4200 and 4800 m s ! (Fig. 2.34).

1

The thickness of the MSC succession is calculated based on a constant velocity of 4200 m s~ and

1

we use a 2100 m s constant velocity for the Pliocene-Quaternary succession.
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Figure 2.34: Segment of the high-resolution multi-channel seismic reflection profile L showing the interval
velocity profile across the uppermost Messinian—Quaternary of Unit 1 and the Messinian evaporites of Unit 2.
Note the notable velocity increases across the M- and a-reflectors and smaller velocity decreases across the

B- and &-reflectors. Location is shown in Figure 4.1. EMEDI10 (fix 1967-1971)L
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2.6 Interpretation of 2D Seismic Data

Seismic interpretation is the science of inferring the subsurface geology from the processed seismic
reflection profiles. Seismic interpretation consists of the distinction, tracing and correlation of rel-
evant reflectors. Two basic elements of the seismic reflection data are very important: (a) the time
of arrival of any reflection (or refraction) from a geological surface and (b) the actual depth to this
surface which is a function of the thickness and velocity of overlying rock layers. The character of a
particular reflection interval includes the strength and distribution of the reflections within it, , what
frequencies it contains, and how the frequencies are distributed over the interval. This information
can often be used to infer lithologic interpretation of the seismic reflector interval being evaluated.

In this study the major issues of geological interpretation are (a) establishing a litho- and chrono-
stratigraphic framework by identifying and mapping important marker reflectors across the study
area and (b) generating models which explain both structural and stratigraphic evolution of these
features on a regional scale. During the seismic interpretation of the seismic reflection data, the
following sequence is taken into consideration: (a) available subsurface geological data are used to
acquire information on the acoustic characteristics of the subsurface and to evaluate the boundaries
along which strong acoustic impedance contrast creates good mapping surfaces, and (b) various
such markers are picked in the seismic reflection profiles where stratigraphic units are correlated
and structures delineated across the study area.

The process of the interpretation of the seismic reflection profiles is divided into two interrelated
categories: (a) stratigraphic interpretation and (b) structural interpretation. Structural interpreta-
tion is directed toward the creation of structural maps of the subsurface from the observed three-
dimensional configuration of arrival times. Seismic sequence stratigraphic interpretation relates the
pattern of reflections observed to a model of cyclic episodes of deposition. In this study lithology
interpretation is aimed at determining changes in lithology from the available seismic data and its

correlation with available well and outcrop data under the stratigraphic interpretation process for
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the area of interest. The process of interpreting seismic data is performed both manually on paper
copies of the seismic reflection profiles as well as in the workstation environment using the software
DecisionSpace® by Landmark. The workstation offers advantages in data management, manipu-
lation, and display however; interpretation on paper was more convenient and useful to have better
correlation throughout the 2D seismic data set used in this study because of the long distance between

the seismic profiles.

2.6.1 Approach to stratigraphic interpretation

The process of interpreting seismic data started with printing paper copies of the original seismic
reflection profiles collected from the eastern Mediterranean during the research cruises in 2001,
2007 and 2010 from digital data files. The next step is inspecting the dataset to have a general idea
about the basin setting, major structural components, and major stratigraphic components and major
unconformities. After inspection, major faults are picked as a guide to establishing the dominant
structural style and stratigraphic packages. Two prominent reflectors are identified: the M- and N-
reflectors (Fig. 2.35) which divided the successions imaged in the seismic reflection profiles into
three distinct seismic stratigraphic units (Units 1, 2, 3). Similarly less prominent reflections, o, 3, ¥,
and & allowed the seismic reflection profiles to be are divided into several subunits (Fig. 2.35). Next,
distinctive seismic reflections, in particular those defining regional unconformities, are highlighted.
Following this, unconformities are re-traced as precisely as possible and correlated throughout the
seismic grid to ensure agreement at cross-over points. Unconformities are delineated on the basis
of reflection terminations in seismic reflection profiles, particularly by onlap, downlap, toplap and
erosional truncation (Fig. 2.36). The M- and N-reflectors and where possible the a, 3, ¥, and 0 re-
flectors are traced through the seismic reflection data grid. The most critical step of the interpretation
process was comparing how horizons and faults tie at line intersections. This process was strictly

followed which allowed a reliable stratigraphic framework to be established across the study area.
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Figure 2.35: High-resolution multichannel seismic reflection profile (A) showing the prominent M- and N-reflectors that divides the stratigraphy into three
units: Units 1-3. Also note the less prominent reflectors y and an un-labeled reflector which divide the uppermost Messinian—Quaternary of Unit 1 into

three subunits (1a—1c), and the @, 8, and § reflectors which define the bounding surfaces of the sub-units 2a—2d of the Messinian evaporite successions of

Unit 2. Location is shown in Fig. 2.1 EMEDIO (fix 1953-1978)
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Figure 2.36: Schematic line drawing showing the reflection terminations that define the depositional se-
quence boundaries, where a depositional sequence is defines as a bundle of genetically-related reflectors that
are bounded at their tops and bases by unconformities. Note that unconformities are defines by the reflection
terminations of onlap, toplap, downlap and erosional truncation (adopted from Mitchum et al., 1977, also see

http://www.oocities.org/znajeeb2000/geo.htm).

In the present study of the western Cyprus Arc region, the results of the interpretation of high
resolution seismic reflection data are summarized with isochron maps, chronostratigraphic correla-
tion chart, and the Messinian Salinity Crisis depositional model for the geologic time intervals of

interest (i.e., Miocene to Recent). These are further described in Chapters 3 and 4.

2.6.2 Approach to Structural Interpretation

The structural interpretation of the available seismic data required a basic understanding of what
tectonic influences and depositional systems occurred within the study area. Basins, ridges, salt
structures and faults (both normal and reverse) were identified in this study. Identification of these
structures are carried out at two levels: (a) direct observations of structural elements, such as faults
where there is visible offset of distinct reflectors or reflector bundles, and/or the vertical trace of

the fault planes are clearly visible in the seismic reflection profiles, and (b) indirect observations
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of structures, such as blind faults, salt diapirs where the faults or salt diapirs are not readily visible
in the seismic reflection profiles, but the presence of these structures are inferred on the basis of
the secondary structures created by the them, such as the structures associated with thrusts: ramp
anticlines consisting of asymmetric folds with short, steeply dipping forelimbs and long, gently dip-
ping backlimbs, and growth strata wedges that developed associated with the faults (and also with
halokinetic structures) (Fig. 2.37).

High-resolution multi-channel seismic reflection profiles often require vertical exaggeration so
that the details of the structural and stratigraphic architectures can be clearly seen. Vertical exag-
geration of seismic reflection profiles is a definite complicating factor for interpretation, because all
structures are notably distorted (e.g., Fig. 2.38). For example, thrusts that are observed at low angles
of <10° in the field studies appear nearly 70-80° in the vertically exaggerated sections. However,
vertical exaggeration of the high-resolution seismic reflection profiles is a necessary “evil” and all
seismic vintages required ~7x vertical exaggeration. Thus, during the interpretation special at-
tention was paid to the fact that the sections are vertically exaggerated. Migration often improved
the definition of complicated structures from areas where there has been major tectonic disturbance
such as complex fault patterns and halokinetic movements. Finally, an angle scale showing the cor-
responding values of the exaggerated angles, a horizontal scale and an approximate vertical scale
are presented in all figures showing the seismic reflection profiles to assist in the understanding of
the dimensions and geometric relationships of stratigraphic and structural elements illustrated in the
profiles. Chapters 4-6 contain full descriptions of the architecture structure across the Antalya Basin

and western Cyrus Arc area of the eastern Mediterranean.
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Figure 2.37: Cartoon showing the geometric relationships in the development of secondary structures asso-

ciated with (a) listric normal faults, (b) thrusts, and strike- slip faults (c) (adopted from Hall et al., 2009).
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Figure 2.38: High-resolution multichannel seismic reflection profiles (B, C) showing the effects of vertical exaggeration. Note that the profiles on the
left are 7x vertically exaggerated to show the exquisite stratigraphic and structural detail in the profile, whereas the profiles on the right are stretched to
make the vertical exaggeration ~1x. Also note how the listric fault trajectories (a) and the listric thrust trajectory (b) are notably steeper in the vertically
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Chapter 3

MI1OCENE-RECENT STRATIGRAPHY AND

CHRONOLOGY

This chapter describes the general stratigraphic and chronologic framework of the study area from
the Miocene to the Recent. The seismic reflection profiles across the western Cyprus Arc, including
the Florence Rise and the Antalya Basin show three seismic stratigraphic units (Unit 1, Unit 2 and
Unit 3), separated from each other by the prominent M- and the N-reflectors. Each unit is distin-
guished by its acoustic character, reflection strength and reflection continuity. The lithostratigraphic
composition and chronology of these seismic stratigraphic units are done using seismic stratigra-
phy and correlation with offshore Deep Sea Drilling Project, Leg XLII, Sites 375 and 376 and four
exploration wells drilled in the onland Aksu, Kopriicay and Manavgat basins: Aksu-1, Ismail-1

Manavgat-1 and Manavgat-2 (Fig. 3.1).

3.1 Lithostratigraphy and Chronology of DSDP Sites 375 and 376

Two deep boreholes (Sites 375 and 376) were drilled on the Florence Rise by the Deep Sea Drilling

Project (Shipboard Scientific Party, 1978; Fig. 3.1). The sediments encountered in these boreholes
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Figure 3.1: Map showing the locations of the seismic reflection profiles illustrated in this chapter. Also shown
are the locations of the DSDP Sites 375 and 376 and the exploration wells Aksu-1, Ismail-1, Manavgat-1 and
Manavgat-2 in the Aksu, Kopriicay and Manavgat basins, and the Demre-1 and Kag-1 wells in the Kasaba

Basin. The coastline is taken from the International Bathymetric Charts of the Mediterranean (I0C, 1981).
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are described here in detail to form the basis for correlations between the lithostraigraphic units
and the seismic reflection profiles used in this study. Site 375 had a total drill depth of 821.5 m
with spot coring (Shipboard Scientific Party, 1978). A predominantly pre-evaporite succession was
recovered at this site. Site 376 was offset ~13 km to the north and was cored continuously into
the Messinian evaporate succession. Eleven lithologic units have been distinguished at this site:
four units in the Pliocene-Quaternary pelagic successions, two in the late Miocene evaporite and
post evaporate successions, a flysch-type unit in the Tortonian, and four units in the pre-Tortonian
to Early-Middle Miocene sediments (Shipboard Scientific Party, 1978; Fig. 3.2). These units are

described below.

Unit I: nannofossil marl with interlayered sapropel and tephra

Unit I is of Quaternary age and consists of soft nannofossil marls with minor, thin interbeds of
sapropelic marl and volcanic ash (Shipboard Scientific Party, 1978; Fig. 3.2). Nannofossil marls
consist chiefly of clay minerals and nannofossils. Unit I is a hemipelagic sequence, which was
deposited in an environment which fluctuated between a stagnant and highly reducing environment
(sapropel layers), and a slightly oxidized environment (light brown layers). The absence of burrowing
and the predominant drab gray color of the marlstones suggest that slightly reducing conditions

prevailed during the deposition of this unit.

Unit 11: gray nannofossil marls

Unit II consists of nannofossil and foram-nannofossil marls with generally dull colors and a soft, but
firm texture (Shipboard Scientific Party, 1978; Fig. 3.2). It is Late Pliocene in age. The upper part
of the unit contains scattered small pyrite nodules. Burrows appear to be absent, except for slight
burrowing at the base of the unit. The depositional setting of Unit II appears to have been similar to

that for Unit I: generally reducing bottom conditions with periodic and short lived intervals of strong
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stagnation and a few episodes when the bottom waters were oxidized.

Unit I11: brown to orange nannofossil marls

Unit III is characterized of nannofossil marls with bright colors (such as light brown, pale yellowish-
brown, yellowish-gray, moderate brown and very pale orange) indicative of oxidizing conditions
(Shipboard Scientific Party, 1978; Fig. 3.2). It is Early to Late Pliocene in age. The unit is well
bedded and contains numerous thin layers which are moderately burrowed and apparently enriched

in iron oxides, giving them a darker brown color than the surrounding sediment.

Unit 1V: slumped marls

Unit IV consists of light to medium gray marls of Early Pliocene to Late Miocene in age (Shipboard
Scientific Party, 1978; Fig. 3.2). It comprises two chaotically deformed subunits. Subunit IVa; con-
sists of medium gray nannofossil marls mixed with light brown marls, with a sharp and undeformed
upper contact with Unit III. Subunit IVb; consists of light brown to pale yellowish-brown nannofos-
sil marls. Lithologically this marl is identical to the brownish, oxidized marls of Unit III above. Unit

IV is interpreted as a slump succession.

Unit V: nannofossil dolomitic marlstone, interbedded sandstones, siltstones

Unit V consists of nannofossil marlstones and dolomitic marlstones of latest Miocene age. Siltstones
and sandstones within this upper marl and marlstone unit are interpreted as turbidites (Shipboard Sci-
entific Party, 1978, Fig. 3.2). In Unit V, a supply of fresh or brackish waters from continental sources
is also indicated by isotopic data (McKenzie and Ricchiuto, 1978; Ricchiuto and McKenzie, 1978;
Pierre and Fontes, 1982). Marine microfossils, such as oligotypic planktonic foraminifera and cysts
of marine planktonic algae have been identified in several horizons, which also suggest the occasional

influx of marine waters into this predominantly brackish “Lago Mare” environment. Unit V is com-
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posed of four subunits which invariably contain the Cyprideis pannonica fauna, and is interpreted
as latest Messinian in age (Shipboard Scientific Party, 1978). Four subunits are recognized based
on color differences, mineralogical composition, and on the relative proportions of marlstones and
clastic sedimentary rocks. Subunit Va mainly contains slightly silty nannofossil dolomitic marl-
stone, with minor amounts of interbedded siltstones and sandstones, including sapropelic layers.
Subunit Vb consists of interbedded silty nannofosil dolomitic marlstones, siltstones and sandstones.
It differs from Subunit Va in having a higher percentage of interbedded clastics and in containing
no sapropelic layers. Subunit Vc contains thinly bedded inter-layered laminated siltstones and marl-
stones of probably turbiditic origin. Subunit Vd differs from the others in containing gypsum often

as gypsiferous sandstone layers.

Unit VI: Mediterranean evaporites

Unit VI contains gypsum, green dolomitic marlstone, anhydrite and halite which are identified as
Messinian in age (Shipboard Scientific Party, 1978; Fig. 3.2). It is composed of two subunits.
Subunit VIa uncomfortably underlies Unit V and contains olive gray to light gray gypsum. The
unit includes crudely layered and recrystallized gypsum, coarse selenitic gypsum crystals, coarsely
crystalline recrystallized gypsum with roughly equant and traced anhydrite and elongate selenitic
“swallow-tail” gypsum crystals, set in a matrix of gypsiferous greenish-white marlstone. Sub-
unit VIb contains from top to base: (i) numerous small pieces of clear, coarsely crystalline halite
with thin wavy interlayers of finely crystalline gypsum; (ii) larger fragments of white nodular anhy-
drite with large and small inter-oolitic folds and occasional chicken-wire structure with considerable
amounts of gypsum; (iii) fragments of banded anhydrite, in which thin dark brown, organic-rich
laminae separate up to 1 cm thick bands of nodular anhydrite with occasional chicken-wire structure
and (iv) banded halite with 2 to 4 cm thick layers of clear coarsely crystalline halite separated by

0.5 cm thick, brown, fine-grained gypsum layers containing rare anhydrite (see Chapter 5 for detail
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explanation and correlation of Messinian evaporites).

Unit VII: marlstones with interbedded graded siltstones and sandstones

This unit consists of a predominantly dark colored, partly dolomitic marlstone sequence (Shipboard
Scientific Party, 1978; Fig. 3.2). It is upper Miocene (Tortonian) in age. Typically, the sequence
shows a distinct cyclicity, with each cycle consisting of three members instead of subunits. Member
A is a fine-grained terrigeneous arenite and siltstone with a sharp lower boundary. It grades upwards
into of the structureless, occasionally finely-laminated, dolomitic nannofossil marlstone with rare

sand and volcanic glass. This succession is in turn, overlain by marlstones with sparse burrowing.

Unit VIII: variegated nannofossil marlstones to foram-nanno limestones

Unit VIII consists of variegated mudstones, nannofossil marlstones and foram-nanno limestones,
which exhibit cyclic centimeter- to decimeter-scale alternations of dark mudstones and marlstones
and light-colored foram-nanno limestones (Shipboard Scientific Party, 1978; Fig. 3.2). The dark
layers are characterized by a sharp lower boundary. They gradually pass upwards into the light
colored more calcareous and foraminifer-rich marlstone and limestones. The unit is Serravallian in
age. Unit VIII represents an episode of slower deposition of distal turbidites and hemipelagic marls
in a slightly more oxidizing environment between the dark marlstones of Unit IX (see below) and

the dark greenish turbiditic facies of Unit VIII.

Unit IX: dark colored nannofossil marlstones

The Unit consists of dark colored mudstones and nannofossil marlstones interlayered with lighter
colored, more calcareous nannofossil marlstones (Shipboard Scientific Party, 1978; Fig. 3.2). The
age of the Unit IX recovered is Serravallian. The main difference between Unit IX and the underlying

Unit X and overlying Unit VIII is mainly the change of colors, which range from medium dark gray
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to grayish-brown. The sequence shows a cyclic development, similar to the ones in Unit VIII and
X, with darker-colored argillaceous lithologies grading into lighter-colored calcareous lithologies.
The darker units show sharp lower boundaries and faint parallel lamination and occasionally graded
and cross laminated layers of fine sand and silt are present at the base. The light colored lithologies

contain traces of terrigenous silt.

Unit X: nannofossil marlstones, interbedded foraminiferal limestones

Unit X is composed of reddish-brown dolomite-bearing nannofossil marlstones with interbedded
grayish-blue green to greenish-gray nannofossil marlstones and hard, well cemented, very light col-
ored gray to bluish-white foraminiferal limestones (Shipboard Scientific Party, 1978; Fig. 3.2). The
age of Unit X is Langhian. In Unit X various kinds of cycles can be observed. Cycles similar to
the ones described in Units VIII and XI consist of grayish-blue-green to greenish-gray and dark
greenish-gray marlstone with sharp lower boundaries. Another type of cycle is composed of very
light gray and bluish-white to pale blue, hard cemented foraminiferal limestones with sharp lower

boundaries which grade into gray or red marlstones.

Unit XI: dark green-gray limestones and marlstones

Unit XI is composed of hard grayish-olive limestones and green marlstones (Shipboard Scientific
Party, 1978; Fig. 3.2). It is Langhian in age. Recovery of samples from this unit is very poor. The
limestones include planktonic foraminifera filled with a ferroan calcite cement and greenish-gray

foraminifera-rich nannofossil-limestone, which are interbedded with greenish-black marlstones.

3.2 DSDP Site 375 and 376 Sonic Velocity Data

Figure 3.3 shows sounds velocity vertical and horizontal measurement through the sediments recov-

ered at Sites 376 and 375 by the Shipboard Scientific Party (1978). Very little physical property
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data were obtained at Site 375 primarily because coring did not begin until the drill bit reached the
evaporite layer at 137.5 meters. High velocities (4.5 to 4.9 km s~ ') were measured through pieces of
coarsely crystalline gypsum recovered from between 139 and 194 m sub-bottom (Fig. 3.3). Slightly
higher values (5.5 km s~!') were measured through pieces of thin, hard, laminated limestone lay-
ers recovered from 733 to 736 m sub-bottom. Some velocities measured in dolomitic marlstones
and nannofossil marlstones cored intermittently between 653 to 736 m sub-bottom ranged from 2.49
to 2.79 km s~—!. Lower velocities (1.98 to 2.02 km s~!) are characteristic of dolomitic nannofossil

marlstones recovered near 250 and 570 m sub-bottom (Fig. 3.3; Shipboard Scientific Part, 1978).
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Figure 3.3: Sound velocity values measured in the horizontal (red circles with horizontal bars) and vertical
(red circles with vertical bars) directions on sediments recovered at Sites 375 and 376 (adopted from Shipboard

Scientific Party, 1978).
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Site 376 sonic velocity data are summarized in Figure 3.3b (Shipboard Scientific Part, 1978).
Immediately apparent in this figure is the very small velocity increase from about 1.5 km s~ ! at the
sea floor to about 1.7 km s~! at 140 m sub-bottom. Velocities determined through pieces of gypsum
recovered from below 140 m were high (4.4 to 5.2 km s~!). A single velocity measurement through
a piece of siltstone recovered from 186.4 m gave an intermediate velocity of 3.64 km s~!. The very
low seismic velocity and its constancy with depth above the evaporite layer are unusual features, in
view of the rather well-consolidated sediments recovered at this site (Fig. 3.3). The increases noted in
bulk wet density is poorly reflected in the velocity profile, and in fact the significant density decrease
observed at 65 m coincides with a subtle velocity increase. The approximate constancy of the thermal
conductivity data with depth is also in general agreement with the velocity data (Shipboard Scientific

Part, 1978).

3.3 Correlation of seismic reflection profiles with DSDP Sites 375 and

376

DSDP Sites 375 and 376 are located over the crest of the southeastern segment of the Florence Rise,
which is a marked bathymetric feature extending from south of the Island of Cyprus to the Anax-
imander Mountains (sensu lato), and separating the Antalya Basin from the Mediterranean Ridge
(Figs. 3.1; Shipboard Scientific Party, 1978). A critical multichannel seismic reflection profile (i.e.,
EMEDO07-02) transect the Florence Rise in a northeast-southwest direction, allowing correlations to
be made with the sedimentary successions drilled at the DSDP Sites 375 and 376 (Figs. 3.4, 3.5).
This profile is located 2.9 km southeast and 3.4 km northwest of the DSDP Sites 376 and 375, re-
spectively. The lithologies described in DSDP Sites 375 and 376 are grouped into three distinct
chrono-stratigraphic units: (1) uppermost Messinian—Quaternary siliciclastics; (2) Messinian evap-

orites with interbedded siliciclastics; and (3) pre-Messinian Miocene siliciclastics and carbonates.
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These three chrono-stratigraphic units are correlated with the seismic stratigraphic units identified
across the Florence Rise and the Antalya Basin: seismic Unit 1 is correlated with the uppermost
Messinian—Quaternary siliciclastic successions; seismic Unit 2 is correlated with the Messinian
evaporite and interbedded siliciclastic successions, and seismic Unit 3 is correlated with the pre-
Messinian Miocene siliciclastics and carbonates (Figs. 3.4, 3.5).

In order to correlate the sedimentary successions drilled in the DSDP wells and the seismic
reflection profiles the thicknesses encountered in the wells had to be converted to depth in millisec-
onds. The following interval velocities of 1700-1800 m s~!, 3500-5000 m s-1 and 2500-3000 m s~
are used to convert the thicknesses of the uppermost Messinian—Quaternary siliciclastics, Messinian
evaporate succession and the pre-Messinian upper Miocene successions, respectively.

Unit 1 is the youngest sedimentary succession in the study area and contains uppermost Messi-
nian—Quaternary siliciclastic rocks. Drilling at Sites 375 and 376 showed that the uppermost Messi-
nian—Quaternary siliciclastics succession across the crest of the Florence Rise is ~137.5 meters
thick (Shipboard Scientific Party, 1978; Fig. 3.2). Calculations using the above interval velocities
suggest that the thickness of the uppermost Messinian—Quaternary succession in line EMEDOQ7-02
(i.e., Fig. 3.4) is ~160 m. At the DSDP Sites 375 and 376 the Messinian evaporites are ~ 48 m and
68 m thick, respectively. Similar calculations suggest that there must be ~19-39 ms-thick Messi-
nian succession corresponding to Unit 2 is imaged in seismic profile EMEDO07-02 (Figs. 3.4, 3.5).
Unit 2 is composed of siliciclastic and carbonate successions interbedded with evaporites arising
from the cyclical near desiccation of the eastern Mediterranean during the Messinian. Underlying
the Messinian evaporites a ~485 m succession of Tortonian and Serravalian marls and turbidites of
Unit 3 were drilled at Site 375 (Fig. 3.2; Shipboard Scientific Party, 1978). Calculations using the
above interval velocities suggest that there must be a ~415 m-thick pre-Messinian strata must be
present in seismic profile EMEDO07-02 (Figs. 3.2, 3.4). Seismic profile EMEDO07-02 shows that the

thick Messinian evaporite successions of Unit 2 in southern Antalya Basin and northern portion of
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the Mediterranean Ridge pinch out along the northern and southern sectors of the Florence Rise,
bringing the pre-evaporitic layers (Unit 3) closer to the sea floor, below a thin cover of uppermost

Messinian—Quaternary sediments of Unit 1 (Figs. 3.4, 3.5).

3.4 Stratigraphic and chronologic correlation with onshore wells

Stratigraphic and chronologic correlation between the onshore and offshore study area has been
performed on the basis of exploration well data from onshore extension of the Antalya Basin. Pre-
vious work studied the entire onshore Antalya Neogene basin, which is subdivided in three sub-
basins from east to west: the Manavgat, Kopriigay and Aksu sub-basins (Bizon et al., 1974; Akbu-
lut, 1977; Monod, 1977; Gutnic et al., 1979; Dumont, 1976; Poisson et al., 1983, 1984, 2003a,b;
Akay et al., 1985; Akay and Uysal, 1985; Karabiyikoglu et al., 1997, 2000, 2005; Tuzcu and
Karabiyikoglu, 2001; Deynoux et al., 2005; Ciner et al., 2008). The Manavgat and K&priicay basins
are separated by the north-south striking Kirkavak fault, and the Kopriicay and Aksu basins by the
north-northwest—south-southeast striking Aksu thrust. There are four exploration wells drilled in
the onland Aksu, Kopriicay and Manavgat basins: Manavgat-1, Manavgat-2, Aksu-1 and Ismail-1
(Fig. 3.1).

The chronology of the Manavgat-2 well in the onland Manavgat basin is critical for this study be-
cause the successions encountered in the Manavgat-2 well can be readily correlated with the seismic
stratigraphic units identified in the seismic reflection profiles (Fig. 3.6). The Manavgat-2 well was
drilled to a total depth of 2565 m (Figs. 3.6, 3.7; Turkish Petroleum Corporation, unpublished data).
The well recovered ~ 204 m of loosely consolidated to unconsolidated claystone with few sandstone
interbeds. These sediments are assigned to the Pliocene—Quaternary Yenimahalle Formation. Below
this upper veneer, there is a 290 m thick siliciclastic succession composed of sandstones and shales
with several volcanic tuff horizons (Fig. 3.7). Although the sediments drilled in the Manavgat-2

well did not include any evaporites (such as the gypsum, anhydrite and evaporitic carbonates seen
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on outcrops; Deynoux et al., 2005; Ciner et al., 2008), this succession is correlated with the Late
Miocene Taglik Formation on the basis of biostratigraphic information. The Taglik Formation is the
lateral equivalent of the evaporitic deposits of the Gebiz Formation, associated with the Messinian
Salinity Crisis (e.g., Garrison et al., 1978). It is conformably underlain by a 445 m thick siliciclastic
succession consisting of sandstone, siltstone and claystone interbeds, which is correlated with the
Tortonian Karpuz¢ay Formation (Fig. 3.7; Turkish Petroleum Corporation, unpublished data). Be-
low the Karpuzgay Formation the well recovered a 436 m thick siliciclastic succession with several
well-defined limestone beds (Fig. 3.7), correlated with the Aquitanian—Serravallian Geceleme For-
mation. This succession is underlain by a 171 m-thick prominent limestone unit, which is referred
to in the Aksu, Kopriicay and Manavgat basins as the Oymapinar Formation (Akay and Uysal, 1985;
Akay et al., 1985). At the base of the Oymapinar Formation the well encountered a 575 m thick se-
quence of Geceleme Formation sediments, clearly indicating a repetition of stratigraphy (Fig. 3.7).
A northeast—southwest trending industry seismic reflection profile explains this age reversal: the
Manavgat-2 well drilled through a broadly northeast-verging thrust at ~1.1 second depth where a
strongly reflective seismic package is clearly duplicated (Figs. 3.6, 3.7). The Manavgat-1 well a
few km to the northwest was drilled away from the thrust, and so does not include the duplication
seen in the Manavgat-2 well. The Manavgat-2 well recovered an additional 128 m of siliciclastic
successions with carbonate interbeds, which are correlated with the Aquitanian—Burdigalian Aksu
Formation (Figs. 3.6, 3.7).

Ismail-1 and Aksu-1 wells located west and east of Antalya respectively (Fig. 3.1). The Ismail-1
well intersected 250 m of Quaternary limestone of the upper Tufa Formation, and then recovering
~100 m of Upper Mesozoic chert, limestone and shale (Catal Tepe nappe; Yenice Bogaz1 unit) and
Mesozoic peridotites of the Antalya Complex (Ozbey and Bagnasco, 1960). Tertiary deposits are
absent in this well and this probably means that the border of the Antalya Neogene basin remained

located further to the east, during the Miocene and Pliocene times (Poisson et al., 2011). By con-
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trast, the Aksu-1 well is deeper (2856 m) and crosses only the Quaternary and Tertiary deposits
(Fig. 3.8). The Aksu-1 well recovered ~131 m thick of Quaternary alluvium, consisting of clay, silt,
sand, and gravel left by flowing streams in a river valley or delta (surface rather than subsurface;
Senel, 1997a,b). The alluvium is uncomfortably underlying by ~550m thick siliciclastic succession
consisting of claystone which is correlated with lower Pliocene Yenimahalle Formation (Turkish
Petroleum Corporation, unpublished data). The Aksu-1 well revealed the existence of a duplication
in the Burdigalian-Langhian sequences above the fragments of the Antalya Complex (Fig. 3.8; Senel,
1997a,b; Poisson et al., 2011). This duplication is interpreted as the western leading thrusts of the

Aksu thrust system (Poisson et al., 2011).
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Figure 3.8: Interpretative W-E transverse cross section across the onland central part of the Antalya Basin
from the Aksu Basin to the west to the Kopriicay Basin to the east (modified from Poisson et al., 2011).
Two exploration deep wells give data for the interpretation of the deep structure of the basin: the Ismail-
1 and Aksu-1 wells (Senel, 1997a,b) revealed the existence of a duplication of the Miocene sequence with
fragments of Antalya nappes at 2000 m below the surface interpreted as a blind thrust related to the Aksu

phase of deformation (Poisson et al., 2011).
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3.5 Description of seismic stratigraphic units and their bounding sur-

faces

On the basis of acoustic character, stratigraphic position and location of the M and N unconformi-
ties, three distinct seismic units are identified in the marine Antalya Basin: (a) Unit 1: uppermost
Messinian—Quaternary siliciclastic successions; (b) Unit 2: Messinian evaporites and interbedded
siliciclastic successions and (c¢) Unit 3: the undifferentiated pre-Messinian siliciclastic and carbonate
successions (Fig. 3.9). The lithostratigraphic composition and chronology of these units are deter-
mined through correlation with onshore and offshore exploration wells discussed in detail above
(Figs. 3.2, 3.5-3.8, 3.10). These units are further correlated with sedimentary successions identified
in the adjacent Adana, Mesaoria, Cilicia, Latakia basins and the onshore Antalya basin (discussed

below).

3.5.1 Description of M- and N-reflectors

The M- and N-reflectors observed in seismic reflection profiles across the eastern Mediterranean
Sea represent distinctive regional unconformities. The M-reflector is first described by Ryan (1969),
as well as many subsequent studies (e.g., Isler et al., 2005, Aksu et al., 2005, 2009, 2014a-c,
Hall et al., 2009, 2014a,b). The M-reflector marks the erosional surface which developed during
the Late Miocene (Messinian) when the closing and re-opening of the Gibraltar Strait caused a
cyclic, nearly-complete desiccation of the entire Mediterranean Sea (e.g., Garcia-Castellanos and
Villasefior, 2011). In most of the previous studies, the M-reflector is commonly defined as a major
unconformity separating the latest Miocene sequences from the oldest Pliocene sedimentary suc-
cessions (e.g., Hsii et al., 1978; Robertson, 1998, Isler et al., 2005, Aksu et al. 2005, 2009, Hall et
al. 2009). However, seismic stratigraphic interpretations and their correlations with both onshore

and offshore well data presented in this study and in Walsh-Kennedy et al. (2014) indicate that the
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(c) Aksu, Kopriigay and Manavgat basins= Akay and Uysal (1985), Akay et al. (1985), Flecker et al. (1998),
Karabiyikoglu et al. (2000, 2005), Kasaba Basin= Hayward (1984), Senel (1997a,b), Senel and Boliikbast
(1997), Cameli Basin = Elitez and Yaltirak (2014), Esen (Cay) Basin = Al¢icek et al. (2006); Al¢icek (2007).
Stratigraphy of the Manavgat-1 and Manavgat-2 wells is from the Turkish Petroleum Corporation (unpublished

data). Units 1 through 3 and M and N are reflectors delineating the top and base of the Messinian successions,

discussed in text.

136



M-reflector corresponds to the bounding erosional surface marking the top of the Messinian Salinity
Crisis evaporite deposits of Late Miocene, separating these evaporites from the uppermost Messi-
nian where the post-evaporitic Lago-Mare sediments exist (Fig. 3.10). The M-reflector is imaged
as a bright, laterally continuous acoustically strong marker on almost all seismic reflection profiles
and serves as an important stratigraphic marker across the Florence Rise and Antalya Basin (e.g.,
Figs. 3.11, 3.12). It is laterally traceable in to the Messinian Erosional Surface which developed
around basin margins during the Messinian lowstand, beginning at ~5.97 Ma.

In the northwestern Antalya Basin and southwestern Florence Rise, extensive deformation of
the subsurface makes the usually prominent M-reflector more difficult to discern. In this area, the
placement of the M-reflector is inferred using stratigraphic cut-offs and the thicknesses and acoustic
character of the overlying and underlying sedimentary sequences (Figs. 3.13, 3.14).

The N-reflector marks the base of Unit 2 in regions where the Messinian evaporites successions
are present. In the Florence Rise and the Antalya Basin, the N-reflector is imaged as a bright, con-
tinuous marker in the seismic reflection profiles, where it usually displays an opposite polarity to
the M-reflector (Figs. 3.9-3.11, 3.13, 3.14). In these areas, the N-reflector separates the Messinian
evaporite sequences from the Tortonian and older Miocene successions. The M- and N-reflectors

are further discussed in Chapters 4 and 5.

3.5.2 Unit 1: Uppermost Messinian—Quaternary

Unit 1 comprises the youngest succession recognized within the Antalya Basin, Florence Rise and
its environs. Unit 1 is characterized by a regularly reflective sediment package that consists of acous-
tically strong reflectors. These reflectors show excellent lateral continuity throughout the study area,
and reflectors from Unit 1 display the highest frequency content recorded in the seismic profiles
(Fig. 3.9). The base of this unit is marked by a major angular unconformity. On the basis of its

acoustic character and stratigraphic position at the base of the upper unit, this unconformity is cor-
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related with the M-reflector (Figs. 3.9-3.11, 3.13, 3.14), which represents the ultimate desiccation
of the Mediterranean basin during the Messinian (Ryan et al., 1966; Hsii et al., 1978).

According to data from the DSDP Sites 375-376, onshore wells from the Antalya Basin and
schematic stratigraphic cross-sections from southern Cyprus basins (Shipboard Scientific Party, 1978;
Orszag-Sperber et al., 2009; Manzi et al., 2013, 2014), Unit 1 has been correlated with the predom-
inantly Pliocene—Quaternary siliciclastic successions (Fig. 3.10). In a regional context, Unit 1 is
correlated with: Kuransa and Handere formations of the Adana and Cilicia basins, the Anthalassa
and Nokosia formation of the Mesaoria Basin, and the Mirtou Formation of the Kyrenia Mountains
of northern Cyprus.

The thickness of the uppermost Messinian—Quaternary succession of Unit 1 varies across the
study area from <100 ms in the shallow nearshore regions to >2000 ms in northwest-southeast
trending, elongated, tear-drop-shaped basins in deep Antalya Basin (Fig. 3.15). In general, Unit 1
is thickest along the center of the Antalya and Finike basins, but dramatically thins towards the
bathymetric highs (e.g., Florence Rise and Anaxagoras Mountain) and along the Turkish continental
shelf and slope. A broadly north-south trending elongated lobe of uppermost Messinian—Quaternary
sediments (800—-1000 ms thick) is also found in the northwestern Antalya Basin (Fig. 3.15). The re-
lationship between the distribution and thickness variations of the uppermost Messinian—Quaternary
and controlling factors are discussed in further detail in Chapter 7.

Unit 1 is divided into three subunits (1a—1c) on the basis of its internal seismic character and
stratigraphic architecture (Figs. 3.9, 3.16). Table 3.1 summarized the inferred ages of the uppermost
Messinian—Quaternary subunits in the study area. These ages are derived from the seismic reflec-
tion profiles using the assumption that (a) in the deepest portion of the basins, the uppermost Messi-
nian—Quaternary succession includes no discernible hiatus, (b) the base of the uppermost Messi-
nian—Quaternary Subunit 1c is delineated by the M-reflector, and that this reflector represents the

end of the Messinian evaporite depositions associated with the Messinian Salinity Crisis, (c) the top
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Figure 3.15: Isochron map of the Pliocene—Quaternary succession of Unit 1 (in millisecond two-way time=
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Anaximander Mountains as well as the Florence Rise.
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of Subunit 1a at the seafloor represents the contemporary deposition at 0 Ma, and (d) the sedimenta-
tion rate during the uppermost Messinian—Quaternary was nearly constant. Provided that these as-
sumptions are correct, a back-of-the-envelope calculation can be made by linear interpolation along
lines drawn orthogonal to the reflectors in selected seismic profiles from deep basins that contain a
complete uppermost Messinian—Quaternary succession (e.g., Fig. 3.9). The results of this exercise
show that Subunits 1a, 1b and 1c represent deposition from approximately O to 2 Ma, 2 to 3 Ma and

3 to 5.42 Ma, respectively (Table 3.1).

Table 3.1: The seismic units and subunits identified in the Antalya Basin and Florence Rise survey

area and their infered ages based on a simple linear interpolation of vertical stratigraphic thickness.

Stratigraphic (Seismic) Unit Infered Age (Ma)
B Subunit 1a (Upper Pliocene - Quaternery) ~2.0-0
g Subunit 1b (Middle Pliocene) ~2.0-3.0

Subunit 1c (uppermost Messinian - Lower Pliocene) | ~3.0-5.0

Unit 2 (Messinian) >5.0

Subunit la

The uppermost Subunit 1a is characterized by parallel and continuous reflectors giving it a highly
stratified appearance in seismic section (Figs. 3.16, 3.17). It is also mapped as a prominent subunit
in the Cyprus Basin (Hall et al., 2005b) and the Antalya Basin (Isler et al., 2005) and Cilicia and
Adana Basins (Walsh-Kennedy et al., 2014). A prominent transparent zone with occasional weak
and discontinuous parallel reflections occurs near the base of subunit 1a. In many places, the base
of Subunit 1a is a mild but conspicuous erosional unconformity (Fig. 3.18), and reflectors within

subunit 1a show near vertical offsets where the deformation clearly affects the seafloor morphology,
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creating small steps on the seabed (see Chapter 6).

Subunit 1a is correlated with the Quaternary to late Pliocene Units I and II of the DSDP Sites 375
and 376. Subunit 1a is further tentatively correlated with the shallow marine and terrestrial Apolos
and Kakkaristra formations in the Mesaoria Basin (Fig. 3.10; Cleintuar et al., 1977; McCallum
and Robertson, 1990; Robertson, 1998; Hall et al., 2005a; Calon et al., 2005a,b), as well as the
Pleistocene Antalya Tufa and Belkig conglomerate in southwestern Turkey (Fig. 3.10; Akay and

Uysal, 1985; Akay et al., 1985; Karabiyikoglu et al., 2000).

Subunit 1b

Subunit 1b generally has a stratified acoustic character, with a series of continuous parallel reflections
and good lateral continuity (Figs. 3.16, 3.17). It is correlated with the Early-Late Pliocene Unit III
and Unit VI of the DSDP Sites 375 and 376 (Fig. 3.2; Shipboard Scientific Party, 1978). Subunit 1b
is tentatively correlated with the Middle-Upper Pliocene marls of the Athalassa Formation of the
Mesaoria Basin (Figs. 3.10; Cleintuar et al., 1977; McCallum and Robertson, 1990; Robertson,
1998; Calon et al., 2005a,b; Hall et al., 2005a,) and the Alakilise Formation in southwestern Turkey

(Fig. 3.10; Akay and Uysal, 1985; Akay et al., 1985; Karabiyikoglu et al., 2000).

Subunit Ic

A strong and conspicuous reflector separates Subunits 1b and 1c and the base of seismic Subunit 1c
is marked by the M-reflector (Figs. 3.16, 3.17). Subunit 1c¢ corresponds to Early Pliocene uppermost
Messinian. It is characterized by moderate to weak transparent, discontinuous reflections, and can
be further subdivided into an upper and lower portion. The upper portion of Subunit 1c is correlated
with early Pliocene slumped marl successions of lithostratigraphic Unit IV of the DSDP Sites 375
and 376 (Figs. 3.10, 3.16, 3.17; Shipboard Scientific Party, 1978). It is tentatively correlated with the

Nikosia and Mirtou formations of the Mesaoria Basin and Kyrenia Mountains respectively (Fig. 3.10;
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Figure 3.17: High-resolution multichannel seismic reflection profile (K) showing the architectures and the seismic characteristics of subunits la-Ic.

Location is shown in Fig. 3.1 EMEDO7 (fix 646-656)
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within the lower portion of subunit 1a. Location is shown in Fig. 3.1 EMEDO7 (fix 572-602)



Cleintuar et al., 1977; McCallum and Robertson, 1990; Robertson, 1998; Calon et al., 2005a,b), as
well as the Yenimahalle Formation in the Antalya region (Fig. 3.10; Akay and Uysal, 1985; Akay et
al., 1985; Karabiyikoglu et al., 2000).

The lowermost portion of Subunit 1c¢ is generally characteristic by partially transparent appear-
ance along the study area. However, it is occasionally characteristic by very thin and continues
reflective package in the southern Antalya Basin (e.g., Fig. 3.17). The lowermost portion of Sub-
unit 1c is tentatively correlated with the marlstones and interbedded graded sandstones and siltstones
of middle to upper Unit V of the DSDP Sites 375-376 (i.e., Lago Mare).

The “Lago Mare” sediments of uppermost Messinian-Early Pliocene deposits of lowermost por-
tion of the Subunit lc is interpreted as it is in transition between the uppermost portion of Unit 2
and lowermost portion of Unit 1. In seismic reflection profiles, it is often difficult to separate this
transition zone from the rest of the Subunit 1¢ because of their similar acoustic characteristics (both
of these deposits consist mostly of siliciclastic successions). The “Lago Mare” event and its chrono-

stratigraphic correlation and distribution are discussed in further detail in Chapter 5.

3.5.3 Unit 2: Late Miocene (Messinian)

Unit 2 is characterized by strong and continuous reflections at the top and base of the unit and a low
reflectivity package with weak and often discontinuous reflections in the middle of the succession
(Figs. 3.1, 3.9,). It is correlated with Messinian evaporites and the siliciclastic successions asso-
ciated with the Messinian Salinity crisis. Between the southern Antalya Basin and the Florence
Rise and between the Florence Rise and the north eastern Mediterranean Ridge, the succession is
most often dominated by a thick transparent appearance delineated by only a low reflectivity pack-
age with weak and often discontinuous reflections with a corrugated geometry. It is readily distin-
guished by its strongly reflective top (M-reflector) and its less reflective and more discontinuous base

(N-reflector). In areas where Unit 2 is absent, the M-reflector is a strong horizon representing an

149



erosional surface that defines a composite unconformity, which includes the M- and N-reflectors.
In these regions, units above and below the M-reflector are interpreted as the uppermost Messi-
nian—Quaternary (Unit 1) and pre-Messinian (Unit 3), respectively.

Based on the DSDP Sites 375 and 376 drill hole data (Figs. 3.2, 3.5; Shipboard Scientific Party,
1978) Unit 2 is correlated with gypsiferous marls, and evaporitic successions intercalated with marls
and chalks of lower Unit V and anhydrite, halite, gypsum and green dolomitic marlstones of the entire
Unit VI. Unit 2 is also correlated with other Messinian bedded pebblestone, sandstone, gypsiferous
and fossiliferous limestone successions in the Aksu and Manavgat Basins (Fig. 3.10; Akay et al.,
1985; Karabiyikoglu et al., 2000), as well as the similar evaporate lithologies of the Kalavasos and
Lapatza formations of the Mesaoria Basin and Kyrenia Mountains (Fig. 3.10).

In the DSDP Sites 375 and 376, there is a gradational transition from Miocene lithostratigraphic
lower Units V to VI. This boundary is generally delineated in the seismic reflection profiles, there-
fore lowermost part of the Unit V and entire Unit VI are lumped together in seismic stratigraphic
Unit 2. Unit 2 is subdivided into four subunits (2a—2d) according to its internal acoustic character-
istics (Figs. 3.19, 3.20). Unit 2 varies in thickness from 20-1500 ms. The interaction of faulting and
diapirism control the thickness variations throughout the study area (Figs. 3.19, 3.20). The details
of the internal architecture and chronology of the subunits 2a—2d, and the regional distribution of

the Messinian successions of Unit 2 are discussed in detail in Chapter 4.

3.5.4 Unit 3: Miocene (pre-Messinian)

Unit 3 comprises of the oldest succession(s) imaged in the Florence Rise and Antalya Basin. In
most of the study area (western and central Antalya Basin, southern and central Florence Rise) the
seismic reflection profiles show that Unit 3 is characterized by a series of strongly vibrated, high
reflective, low amplitude reflections with significant lateral continuity (Figs. 3.13, 3.14). In regions

which have undergone intense deformation, these reflections have moderate lateral continuity. The
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Figure 3.19: High-resolution multichannel seismic reflection profile (M) showing the thickness variation of Unit 2 and its subunits in the south western

Antalya Basin and south eastern flank of the Anaxagoras Mountain. Location is shown in Fig. 3.1 EMEDI10 (fix 1351-1381)
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Figure 3.20: High-resolution multichannel seismic reflection profile (N) showing the thickness variation of Unit 2 and its subunits in the south western

Antalya Basin and south eastern flank of the Anaxagoras Mountain. Location is shown in Fig. 3.1 EMEDI10 (fix 1496-1523)



upper boundary of the pre-Messinian Miocene package is delineated by the M-reflector in regions
where Unit 2 is absent or the N-reflector where Unit 2 is present. The lower boundary of Unit 3 is
never clearly imaged in the high-resolution seismic reflection profiles, but is clearly imaged in the
deep-penetrating industry seismic data (Figs. 3.13, 3.14).

The lithology and chronology of Unit 3 has been investigated using correlations with the Manavgat-
1 and Manavgat-2 wells and DSDP Site 375 (c, 3.6, 3.7). Based on these correlations, Unit 3 is
inferred to be composed of a diverse assemblages of pre-Messinian (Miocene) and older siliciclastic
and carbonate successions. It is subdivided into three subunits: 3a—-3c.

The uppermost portion of Unit 3 (i.e., Subunit 3a) can be readily correlated with Unit VII at
DSDP Site 375 (Figs. 3.2, 3.5; Shipboard Scientific Party, 1978). Subunit 3a is also correlated with
the Upper Miocene Tortonian Karpuz¢ay Formation (Fig. 3.10). The middle segment of Unit 3 (i.e.,
Subunit 3b) is correlated with the marlstone and limestone successions of DSDP Site 375 Middle
to Late Miocene Units (VIII to XI) (Figs. 3.2, 3.5; Shipboard Scientific Party, 1978). Subunit 3b is
further correlated with the Middle to Lower Miocene Geceleme, Oymapinar and Aksu Formations
of the Aksu, Kopriicay and Manavgat Basins (Fig. 3.10; Akay and Uysal, 1985; Akay et al., 1985;
Flecker et al., 1998; Karabiyikoglu et al., 2000). The lower portion of Unit 3 may include regional
lithostratigraphic units ranging from the lower Mesozoic to upper Oligocene in age. This portion of
Unit 3 is seen in the industry seismic reflection profiles but not in the MUN 2001, 2007 and 2010
EMED surveys because the source volume of the MUN surveys were not large enough to image these
succession (Figs. 3.13, 3.14).

In a regional sense, Unit 3 is further correlated with the Pakhna Formation (including the Koro-
nia, Terra members) of the Mesaoria Basin, the Kythrea Group of the Kyrenia Mountains in Northern
Cyprus (Bagnall, 1960; Follows and Robertson, 1990); and also the Elekdag, Kasaba and Sinekli
formations of the Kasaba Basin (Senel, 1997a,b; Senel and Bolukbasgi, 1997; Fig. 3.10). According

to DSDP Site 375 well data results reflections below structural highs (i.e., the core of the Florence
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Rise and Anaxagoras Mountain) are believed to be cored by Unit 3; however strata in these locations

show a significant amount of intense internal deformation and reflector correlation is challenging.
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Chapter 4

SEISMIC STRATIGRAPHIC APPROACH TO
EASTERN MEDITERRANEAN DEEP BASIN

MESSINIAN SALINITY CRrisis DEPoOSITS

In this chapter, an integrated scenario that revives the key points of the previous models with new
statements about the depositional settings is proposed. This scenario is derived mainly from seismic
and sequence stratigraphic analysis of the Messinian evaporite deposits and their temporal and spa-
tial distribution with new high resolution seismic reflection data collected from the western Cyprus
Arc, eastern Mediterranean (Fig. 4.1) and the consequences of, and correlations with global environ-
mental changes. Isochron maps and seismic cross-sections are correlated with borehole information
from DSDP Leg 42 Sites 375 and 376, ODP Sites 965 and 968, the onland Aksu-1, Manavgat-1,
Manavgat-2 wells in the Antalya region and the Xeri borehole in Cyprus, as well as onshore succes-
sions in the eastern Mediterranean. This framework is then used to describe temporal and spatial
seismic facies variations across the Antalya Basin and Florence Rise. The most significant contribu-

tion of this chapter to the Mediterranean geology is the documentation that the Messinian successions
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of Unit 2 in the eastern Mediterranean are composed of four seismic stratigraphic sub-units. Until
now, no such subdivision for Unit 2 was presented from the eastern Mediterranean. The presence of
these four sub-units imposes strict environmental and sedimentological constraints for the deposition
of the Messinian evaporites during the Messinian Salinity Crisis (also see Chapter 3). In this chapter,
thorough acoustic and proxy-sedimentary descriptions of these sub-units are provided and deposi-
tional frameworks for these successions are delineated. These new findings are later (in Chapter 7)
set in the context of the whole of the Mediterranean Basin allowing me to formulate a new concept

for the relationships of the Messinian in the eastern and western Mediterranean.

4.1 Introduction

At the end of the Miocene approximately 6 Ma, progressive closure of the straits connecting the
Mediterranean Sea with the Atlantic Ocean triggered the desiccation of the Mediterranean Sea (e.g.,
Garcia-Castellanos and Villasefior, 2011). This caused significant amounts of evaporation across the
Mediterranean Sea in a relatively brief period of ~0.63 Ma, and led to a series of events, which are
known as the Messinian Salinity Crisis (Hsii et al., 1973; Hilgen et al., 2007). The dramatic sea level
drop during the Messinian Salinity Crisis represents the most striking environmental change in the
Cenozoic history of the Mediterranean Sea (e.g., Ivanovic et al., 2014). During the Messinian Salin-
ity Crisis, rapid evaporation of the Mediterranean Sea resulted in increased seawater salinities and
the deposition of evaporites within shallow water marginal basins, followed by massive erosion at
the continental margins and deposition of thick evaporite successions in deep Mediterranean basins
(Hsti et al., 1973; Montadert et al., 1978; Clauzon, 1982; Ryan, 2009; Lofi et al., 2011b). Following
the re-opening of the Strait of Gibraltar and the re-connection of the Mediterranean Sea with the At-
lantic Ocean during latest Miocene/earliest Pliocene, the Mediterranean basins were rapidly refilled,
which marked the end of the Messinian Salinity Crisis.

The Messinian Salinity Crisis is a prominent series of events that has profoundly modified the
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Figure 4.1: Map of the eastern Mediterranean Sea and environs, showing the locations of the high-resolution
multichannel seismic reflection profiles used in this study. Heavy lines are figures illustrated in this chapter.

The coastline is from the International Bathymetric Charts of the Mediterranean (I0C, 1981).
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Mediterranean within a relatively limited time span, and led to the deposition of thick evaporite suc-
cessions in basins that are presently located both onland and offshore (e.g., Lofi et al., 2011b, and
references therein). The depositional environment of evaporite successions has been described in
three models: (1) shallow basin and shallow water depth model, where evaporites were deposited in
a shallow evaporative basin with limited connection to the open ocean, (2) deep basin and shallow
water depth model, where the deep basin was isolated from the global oceans, quickly evaporates to
great depths, leaving only a shallow evaporative basin across the seafloor, (3) deep basin and deep
water depth model, where excessive evaporation at the ocean surface allows brines to develop and
downwell to the deeper waters allowing the precipitation of evaporites (Fig. 4.2). Previous regional
studies based on outcrop, borehole and 2D seismic reflection data have demonstrated that during the
Messinian Salinity Crisis, the Mediterranean was subject to complex and highly diversified evaporite
deposition which resulted from morphological, geodynamical and isostatic responses of the deep off-
shore basins and marginal shallower basins (Montadert et al., 1978; Garfunkel and Almagor, 1984;
Gorini et al., 1993; Gradmann et al., 2005; Rouchy and Caruso, 2006; Roveri et al., 2008a—c, 2014a,
b). It is generally accepted that the period of widespread evaporite precipitation in the Mediter-
ranean spanned from 5.97 to 5.33 Ma, but it is not known how the events recorded in sedimentary
successions correlate between the shallow marginal and deep basins across the Mediterranean re-
gion. The evaporites in shallow marginal basins are largely exposed onshore, and thus, have been
extensively studied (Krijg sman et al., 2001, 2002, 2004; Lofi et al., 2011a, b; Manzi et al., 2013,
2014). However, these successions are often incomplete and they are geometrically disconnected
from the Messinian evaporite successions found in the deep offshore basins (e.g., Schreiber et al.,
1976; Rouchy, 1982; Butler et al., 1995; Clauzon et al., 1996; Riding et al., 1998; Krijgsman et al.,
1999). Thus, correlations between the thick offshore evaporites and those exposed onland across the
eastern Mediterranean are tentative at best.

Within the eastern Mediterranean, most previous research on the Messinian Salinity Crisis in
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deep basins has focused on the Nile deep sea fan and the Levantine Basin, which have been in-
vestigated in relation to the development of giant salt diapirs (Mart and Ben Gai, 1982; Garfunkel
and Almagor, 1987; Cohen, 1993; Loncke et al., 2004, 2006; Gradmann et al., 2005; Bertoni and
Cartwright, 2006; Netzeband et al., 2006b; Bertoni and Cartwright, 2007; Hiibscher and Netze-
band, 2007). Diimmong and Hiibcher (2011) focused on the Messinian Salinity Crisis evaporites
and overlying formations which show a complex deformation pattern due to a combination of thick-
skinned plate tectonic convergence and thin-skinned disharmonic deformation related to the mobile
evaporite-bearing unit in the eastern Cyprus Arc. The western part of the Cyprus Arc has been the
subject of a number of previous studies focused on post- and pre-evaporitic structural deformation
(Woodside et al, 2002; Sellier et al 2013a,b). A recent synthesis based on stratigraphic framework of
the Messinian Salinity Crisis in the entire Mediterranean has been proposed by Lofi et al, (2011b).
However, in their synthesis of the eastern Mediterranean, the distribution of the successions asso-
ciated with the Messinian Salinity Crisis in the western Cyprus Arc region, including the Florence
Rise and the Antalya Basin, is presented in an abstract fashion because these authors did not have
a sufficiently high density of high-resolution multichannel seismic reflection data from this region.
Lofi et al. (2011b) indicated that the typical successions of Lower Evaporites, Salt, Upper Evaporites
observed in the western Mediterranean region is not present in the eastern Mediterranean where the
Messinian Salinity Crisis is largely recorded by a single salt-bearing seismic unit. More recently,
a tentative correlation for the Messinian successions across the western and eastern Mediterranean
has been proposed by Manzi et al. (2014). However, a detailed examination of their results suggests

that this correlation may only apply to the marginal basins of the eastern Mediterranean.

4.2 Previous Messinian Salinity Crisis scenarios

The timing and environment of deposition of the successions associated with the Messinian Salin-

ity Crisis in deep Mediterranean basins are in a state of flux and controversial. Three main hy-
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potheses have been proposed to account for the chronology of the major evaporitic stages which are
mostly established for the western Mediterranean basins (Fig. 4.3). The first (Fig. 4.3a) is a strati-
graphic model, with synchronous deposition of Messinian Lower Evaporites (at 5.97 4= 0.02 Ma) in
all Mediterranean basins (shelves, slopes and deep basins) before the rapid sea level fall (Figs. 4.3,
4.4; Hsii et al., 1973; Krijgsman et al., 1999). Detailed cyclostratigraphic studies showed that the
oldest Sicilian evaporites in these sub-basins have all formed synchronously at an age of ~5.98 Ma
(Hilgen and Krijgsman, 1999). Astronomically calibrated chronology for the Mediterranean Messi-
nian age based on an integrated high-resolution stratigraphy and ’tuning’ of sedimentary cycle pat-
terns to variations in the Earth’s orbital parameters also showed that evaporite deposition in Spain,
Greece and Cyprus took place at approximately the same age of 5.96 +0.02 Ma (Krijgsman et al.,
1999, 2002), demonstrating that, at the resolution of a precessional cycle, the onset of evaporite
deposition was synchronous throughout the eastern and western Mediterranean basins. The second
model proposes that a slight diachroneity on the onset of the evaporite deposition (Figs. 4.3b, 4.4).
This model suggests that the Messinian stratigraphy of the marginal shallow-water areas is not time
equivalent to that of deep basinal areas and implies a major two-stage evaporite deposition (i.e., the
lower and the upper evaporites) (Fig. 4.4; Rouchy and Caruso, 2006). In this model, the distribution
and the fractionation of the evaporite deposits are controlled by the paleogeographic configuration
of the basin, consisting of several smaller sub-basins of different size and depth and by the role
of the thresholds that controlled the water exchanges between these sub-basins (Fig. 4.4). Thus,
these minor constraints introduced a slight diachronism of the beginning of the evaporite deposi-
tion at each stage and in the different sub-basins (Butler et al., 1995; Clauzon et al., 1996; Rouchy
and Caruso, 2006). The third model suggests a diachroneous deposition of evaporites and the as-
sociated sediments during the Messinian Salinity Crisis (Figs. 4.3c, 4.4). Recent studies favor the
diachroneous deposition model which introduces three stages of desiccation (Fig. 4.4, 4.5; CIESM,

2008; Roveri et al., 2008a,b; Lugli et al., 2010; 2014a; Manzi et al., 2014). Stage 1 (Fig. 4.4, 4.5;
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5.97-5.62 Ma; Krijgsman et al., 1999; Lofi et al., 2005; Manzi et al., 2014) involved minor sea-level
drawdown with early evaporite precipitation. In the shallow marginal basins this stage is marked
by the deposition of the “Primary Lower Gypsum”, whereas in the deeper basins only organic-rich
shale and carbonate deposition took place (de Lange and Krijgsman 2010; Lugli et al. 2010, Roveri
et al., 2008b). The second stage is short lived (5.60-5.53 Ma) and involves a combination of base-
level drop, tectonic uplift and variation in the sedimentation rate of evaporites (Manzi et al., 2014),
but records the peak of the Messinian Salinity Crisis (Fig. 4.4, 4.5). During Stage 2, the shallow-
water peri-Mediterranean areas were exposed to subaerial erosion and evaporite deposition moved
to the deeper basins with the widespread deposition of primary halite and clastic gypsum-carbonate
deposits. These clastic evaporites are referred to as the “Lower Evaporites” (Roveri et al., 2008a,
2014a), and were derived from the resedimentation of the primary lower gypsum. The end of Stage
2 is marked by a basal unconformity (Fig. 4.4, 4.5) which corresponds to the Messinian erosional
surface (MES) and reflects a phase of increased tectonic activity, leading to uplift and erosion of
the primary lower gypsum (Pierre et al., 2002, 2007; Natalicchio et al., 2014). The final stage of
Messinian Salinity Crisis, Stage 3 (5.53-5.33 Ma; Hilgen et al., 2007; Manzi et al., 2009), includes
the deposition of evaporites in both shallow and deep basin settings. It is characterized by gypsum
and marl deposits of the Lago Mare facies (Lugli et al., 2013; Roveri et al., 2014, Fig. 4.4, 4.5),
which represent sedimentation in a brackish to fresh water environment (Gignoux, 1950; Ruggieri,
1962; Cita and Colombo, 1979; Bertini et al., 1995; Orszag-Sperber et al., 2006). The author of
this dissertation also favors the third model, which is adopted across the Antalya Basin and Florence

Rise, as further discussed below.

4.3 Messinian Salinity Crisis — base level changes and paleogeography

The Messinian salinity crisis can be defined as an ecological crisis caused by large amplitude envi-

ronmental changes which developed in the Mediterranean at the end of the Miocene as a result of

162



Pre-MSC sea-level

>1000 m

Mediterranean
Sea

3rd Model

Pre-MSC sea-level ~150m

2nd Model

Pre-MSC sea-level

1st Model
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Figure 4.4: Comparison of chronologies proposed by Butler et al. (1995), Clauzon et al., (1996), Riding et

al. (1998), Krijsgman et al. (1998), Rouchy and Caruso (2004) and Roveri et al. (2008a,b) for the successions

associated with the Messinian Salinity Crisis.
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coeval effects of geodynamic and climatic forcing and their feedbacks.

Offshore observations suggest that base-level changes during the Messinian Salinity Crisis were
complex and cannot be considered as a single continuous lowering and refilling event (CIESM, 2008;
Roveri et al., 2014a,b). This complexity may result from the presence of several topographic sills
disconnecting the different Mediterranean basins and sub-basins during the Messinian Salinity Cri-
sis. Ryan (2009) proposed a scenario of the crisis stressing the importance of some Mediterranean
sills (e.g., Sicilian, Apennine and Suez) in the control of temporary base-levels and in the timing of
precipitation of the halite in the Mediterranean. Using numerical modeling involving the uplift of
the Betic and Rif (i.e., Gibraltar) and the Sicily straits, Gargani and Rigollet (2007) proposed that
numerous sea-level falls of short duration occurred before the final major drawdown. At this point,
the number, location, paleo-depth of the sills which played critical roles in the water mass budgets
of the Mediterranean basins and base-level variations are clearly very important. The knowledge of
the paleogeography of the Mediterranean and Paratethys during the Messinian Salinity Crisis is also
essential for restoring the paleo-connections among the basins during higher sea levels (Clauzon et
al., 2005, 2008; Krijgsman et al., 2010).

A Mediterranean base-level fall of >1500 m is envisaged in the western Mediterranean (Hsii and
Cita, 1973; Ryan, 1976; Blanc, 2002; Lofi et al., 2005). This is based on the interpretation of the
shallow water nature of the offshore Upper Unit, inferred from its aggradational geometry onlapping
the basin margins and the erosion at its top (Maillard et al., 2006) and the subaerial origin of the
widespread erosional features and associated drainage patterns observed along the Mediterranean
slopes (Ryan, 1978; Lofi et al., 2005) which have been correlated with the Messinian erosional sur-
face (MES) onshore. In addition, deep incision of long canyons and valleys such as the Rhone and
Nile is thought to have been driven by the adjustment of river profiles to an exceptional base-level
fall in the Mediterranean (Chumakov, 1967, 1973; Barber, 1981; Clauzon, 1982). An indirect ar-

gument supporting the idea of a high-amplitude drawdown is the development of giant pockmark
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fields caused by pore-fluid overpressure and large-scale fluid venting, recently discovered at the base
or within the Messinian salt unit in the Levant basin (Lazar et al., 2012; Bertoni et al., 2013). How-
ever, based on a different interpretation of some evaporitic facies, the occurrence of high-amplitude
base-level changes during the Messinian Salinity Crisis has been questioned by several authors (Bus-
son, 1990; Martinez del Olmo, 1996; Manzi et al., 2005; Roveri et al., 2008 a—d, 2009).

In the eastern Mediterranean basins, estimates of base-level fall of 800 m have been proposed
for the Levant margin (Druckman et al., 1995; Cartwright and Jackson, 2008). Lugli et al. (2013)
pointed out the presence of fully subaqueous clastic evaporites in the infill of the main Messinian
canyons and suggested that the estimates of sea-level drop previously proposed may be not correct.
Much greater base-level fall is proposed for the Nile delta fan region (Gargani and Rigollet, 2007).
These authors used 3-5 erosional surfaces observed in the seismic reflection profiles along the Egyp-
tian margin at a depth between -2500 and -3000 m depth, and estimated a subsidence of 750-1000 m
since the Pliocene-Quaternary to conclude that these erosional surfaces must have formed during the
Messinian Salinity Crisis at a depth of 1500-2250 m beneath the present-day sea level of the eastern
Mediterranean Sea (Gargani and Rigollet, 2007). Views on the timing of Mediterranean sea-level
fall has changed through time (Ryan, 2009). Exactly when the base-level fall occurs has important
implications for the origin and nature of the basinal evaporite units. Following the model of Blanc
(2000), Lofi et al. (2005) suggested a two-step base level fall in the western Mediterranean basins
controlled by a Sicily—Tunisia sill. In their model, the first step in the order of 400-600 m caused
slope instability and the deposition of gravity flow deposits which formed a large part of the Lower
Unit. The thick evaporites of the Mobile Unit and Upper Unit then formed respectively during and
immediately after a second, higher amplitude drop in base-level. Most commonly, the maximum sea-
level fall has been placed within or (Ryan 2009) at the end of the deposition of the Mobile Unit in the
deep western and eastern Mediterranean basins (Lofi et al. 2005, 2011a,b; Bertoni and Cartwright,

2007; Ryan, 2009), i.e., at the end of Messinian Salinity Crisis stage 2 (Fig. 4.3). Other authors (i.e.
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Bache et al., 2009, 2012) consider the whole deep basin evaporitic suite as having been deposited
after the main sea-level drop, requiring a continuous input of marine waters to an almost desiccated
basin.

Ryan (2008, 2009) proposed that strong net evaporation concentrated Mediterranean seawater
prior to drawdown, resulting in the rapid precipitation of halite during sea level fall. In this scenario,
the Mobile Unit would have started accumulating in a relatively deep-water setting and ended its
deposition in an almost desiccated basin (Lofi et al., 2011b). The Top Erosion Surface observed in the
Levant Basin at the top the Mobile Unit is interpreted by some authors as a phase of subaerial erosion
during the last stage of the crisis (Ryan, 1978; Bertoni and Cartwright, 2007). Yet others (e.g., Roveri
et al., 2001, 2014a,b), suggested that halite accumulated in a fully subaqueous environment during
the peak of the Messinian Salinity Crisis.

The rise of sea level after the peak of the Messinian Salinity Crisis is considered to have occurred
almost instantaneously (Meijer and Krijgsman, 2005; Garcia-Castellanos et al., 2009), more progres-
sively with large-scale fluctuations related to precession-controlled hydrological changes (Fortuin
and Krijgsman, 2003) or in a stepped way (Lofi et al., 2005; Bache et al., 2009, 2012; Just et al.,
2011; Lofietal., 2011a,b). Lofi et al. (2005, 2011b) suggested that the Sicily—Tunisian sill may have
generated temporary base-level still stand in the western Mediterranean during the refilling phase.
A stepped base-level rise during the final Messinian Salinity Crisis stage has also been suggested by
Just et al. (2011), based on the observation of terraced surfaces at constant depth along Messinian
paleo slopes. These features would record a sea-level still stand in the western Mediterranean which
persisted until the water level in the eastern Mediterranean basins transgressed the Sicily—Tunisia
sill. Bache et al. (2009, 2012) consider a moderate initial rise in base-level, associated with the
deposition of the deep basin evaporites and the development of a transgressive ravinement surface,
followed by a rapid sea-level rise (up to 900 m) resulting from the collapse of the Gibraltar channel.

In their model, the rapid sea-level rise occurred well before the Mio-Pliocene boundary, at ~5.46 Ma,
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i.e., during the Lago Mare phase. They proposed that, were this to be the case, the eustatic sea-level
rise associated with a small-scale deglaciation occurred during the latest Messinian (Bache et al.,
2009, 2012) and could explain, at least in a part, the transgressive trend observed in the onshore
stage 3 deposits. This would indicate a Mediterranean base-level already rising well before the base

of the Pliocene.

4.4 Messinian Salinity Crisis Stratigraphic Framework

During the Late Miocene, the Mediterranean Sea and portions of the present-day landmass were
segmented into a mosaic of interconnected sub-basins of various depth and size inherited from a
complex assemblage of different structural domains and separated to each other by sills (Fig. 4.6,
Roveri et al., 2014). During the Messinian Salinity Crisis, the drawdown provided a new configu-
ration to the Mediterranean sub-basins and created a succession of morphological and sedimento-
logical changes. A major contrast existed between the margins and the deep basins: the former have
been deeply eroded whereas the latter have accumulated thick evaporite and clastic sediments that
have been eroded from the adjacent continental margin. The Messinian deepest basins of >1500 m
of depth roughly coincide with the extent of the present-day abyssal plains although the paleo-
bathymetry changed locally in response to geodynamical constraints. Widespread evidences for
deep-water conditions before and after the Messinian Salinity Crisis has been observed as the pres-
ence of psychrospheric ostracod and benthic foraminiferal assemblages, which usually live at depths
of 1000-1300 m (Benson, 1973a,b, 1978; Cita, 1973; Sprovieri et al., 1996a,b, 1999; Sgarrella et al.,
1997). The close similarities in thickness and composition of the Messinian sedimentary succession
in the deepest eastern and western Mediterranean basins imply similar evolution of the hydrological
changes in these basins, confirming their close genetic relationships (Figs 4.6, 4.7; CISEM, 2008;
Roveri et al., 2014).

During the Messinian Salinity Crisis, the depositional history of the Messinian successions was
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Figure 4.6: Distribution of Messinian deposits and seismic units across the Mediterranean basins along a
schematic west to east cross-section showing the location of the main onshore outcrops and of the DSDP-ODP
(adopted from Roveri et al., 2014a,b). Drilling sites are also reported: in pink the sites where only sulfate evap-
orites have been recovered; in green the sites where halite has been recovered. Onshore units: PLG= Primary
Lower Gypsum; H= halite; RLG= Resedimented Lower Gypsum; UG= Upper Gypsum; LM= Lago Mare;
Offshore units: LE= Lower Evaporites; LU= Lower Unit; H= Messinian Salt; MU= Mobile Unit; UE= Upper
Evaporites=UU, Upper unit Surfaces: MES= Messinian erosional surface/marginal erosional surface. Base
of Messinian evaporites: horizon N = BES, basal erosional surface/BS, basal surface; Top of the Messinian

evaporites: horizon M= TES, Top erosional surface/Top Surface.

170



marginal basin western Mediterranean basin
(now onshore)

MES

TES/TS  intermediate basins deep basin
cu TES TS
/ \ \ uu cu
pre-Messinian Salinity BES
Crisis successions BS LU
marginal basin eastern Mediterranean basin
(now onshore)
MES intermediate basins ;
}S TS deep basin MES
BES/BS \
pre-Messinian Salinity MES / ~
Crisis successions BES BS BES

Figure 4.7: Schematic conceptual sketches across the western (a) and eastern (b) Mediterranean basins,
illustrating the organization of the Messinian Salinity Crisis seismic markers from the margins down to the
deep basins at the end of the Messinian Salinity Crisis (adopted from Roveri et al., 2014a,b). Abbreviations

are given in Figure 4.6.
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complex and its stratigraphy varied throughout the Mediterranean region (Hsii et al., 1973; Lofi et al.
2011a,b). The distribution of the Messinian deposits resulted from the superimposition of regional
controlling factors related to the Messinian Salinity Crisis and local controlling factors related to the
structural and geodynamical evolution of the basins (Rouchy and Caruso, 2006).

In the Mediterranean region, the classic Messinian successions were first described from Sicily
(Decima and Wezel, 1973). Here the successions start with cyclic alternations of open marine
marls and sapropels, pass via diatomites into the “Lower Evaporites” (evaporitic limestone, gyp-
sum, marls and halite), and end, above an erosional surface and sometimes angular unconformity,
with the “Upper Evaporites” (gypsum, marls) and fresh to brackish water deposits of Lago Mare
facies (Figs. 4.4-4.7; Lofi et al., 2005; Rouchy and Caruso, 2006; Roveri et al., 2006; Krijgsman
et al., 2008 and references in it). In the western Mediterranean, the stratigraphy of the successions
associated with the Messinian Salinity Crisis is well constrained and a new global and consistent
terminology for the Messinian seismic surfaces and depositional units have been provided (CIESM
2008, Lofi et al., 2011a,b). In the deep western Mediterranean basins the thickness of the evaporite
deposition reaches ~1600 m and Messinian Salinity Crisis seismic markers include six bounding
surfaces, separating five depositional units (Fig. 4.7). In contrast, the stratigraphic and lithological
history of the successions associated with the Messinian Salinity Crisis in the eastern Mediterranean
region is less well constrained. In the deep eastern Mediterranean basins, evaporates successions of
up to 3500 m have been observed (e.g., Mediterranean Ridge and Herodotus Basin), which is con-
sidered to be the result of an over thickening of the evaporites caused by tectonics and downslope
gliding (Rouchy and Caruso, 2006). Messinian evaporites in the eastern Mediterranean basins are
generally composed of a single complex mobile unit (CMU) which is classically subdivided into
lower and upper layers (Bertoni and Cartwright, 2006; Loncke et al., 2011; Maillard et al., 2011;
Lofi et al., 2011a,b; Figs. 4.6, 4.7). In the Levantine Basin the mobile unit of the Messinian suc-

cessions includes up to four distinct internal reflections (Fig. 4.7; Réhault et al., 1984; Garfunkel,

172



1984; Rouchy and Saint Martin, 1992; Polonia et al., 2002; Gradmann et al., 2005; dos Reis et al.,
2005). Three explanations have been given for these reflections: (a) interbedded shales, (b) layers of
different evaporites, and (c) several depositional cycles.

Previous studies have described the Late Miocene sedimentary successions from measured sec-
tions in Cyprus and the onshore Antalya Basin (Akay et al., 1985; Karabiyikoglu et. al., 2000,
Orszag-Sperber et al., 2009; Manzi et al., 2014, Turkish Petroleum unpublished data), boreholes
from the DSDP Leg 42 Sites 375 and 376 in the Florence Rise (Fig. 4.1; Baroz et al., 1978), and
the previous seismic surveys (PRISMED II, P/V Atalante, Woodside et al, 2001; Black, R/V Le
Suroit, Benkhelil, et al., 2005), as well as the Ocean Drilling Program Leg 160, Sites 965-968
across the Eratosthenes Seamount (Robertson, 1998b). However, little is known about the stratigra-
phy in the offshore Antalya Basin and other deep basins in the eastern Mediterranean. (This thesis
provides a new stratigraphy for the offshore Antalya basin, for comparison with studies elsewhere in
the Mediterranean.)

In the onshore Antalya Basin, the Messinian was described from the Manavgat Basin along the
eastern side of the regionally extensive onland Antalya Basin by Bizon et al. (1974), then by Flecker
(1995). As indicated in Chapter 3 (see Section 3.4), the sediments drilled in the Manavgat-2 well did
not include any Messinian-age gypsum, anhydrite and evaporitic carbonates that are seen on outcrops
(Deynoux et al., 2005; Ciner et al., 2008). On the basis of biostratigraphic data, this succession is
correlated with the Late Miocene Taglik Formation, which is the lateral equivalent of the evaporitic
successions of the Gebiz Formation, associated with the Messinian Salinity Crisis (e.g., Garrison et
al., 1978). In the Aksu Basin, along the western side of the Antalya Basin recent studies show that
the Messinian successions are present in the Gebiz area and also southwards, along the eastern part
of the basin (Akay et al., 1985). However, Messinian evaporites are not encountered in the Aksu-
1 well (Turkish Petroleum Corporation, unpublished data) and also do not exist in the central part

of the basin (Poisson et al., 2003b, 2011). The Gebiz section across the eastern part of the Aksu
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Basin consists of two units: a basal unit consisting of marls, sandstones and micro-conglomerates,
which is unconformably overlain by the upper Gebiz limestone. The Gebiz limestone is subdivided
into five members: (a) basal conglomerate, (b) lower limestone unit, (c) intermediate marls, (d) up-
per limestone composed of bioclastic calcilutites and calcarenites and (e) breccias and stromatolitic
limestone, which separated from the upper limestone unit by deep erosional surface (Poisson et al.,
2003b). In the absence of biostratigraphic markers the Gebiz limestone have been attributed to Late
Miocene (Bizon et al., 1974), Early Pliocene (Poisson, 1977), Messinian (Akay et al., 1985; Akay and
Uysal, 1985), Tortonian (Glover, 1995; Glover and Robertson, 1998a,b), Late Tortonian-Messinian
(Tuzcu and Karabiyikoglu, 2001; Karabiyikoglu et al., 2005) and Late Messinian-Early Pliocene
(Poisson et al., 2003b). However, new stratigraphic data provided a precise Messinian age for the
Gebiz limestone (Poisson et al., 2011). These authors indicated that the Messinian successions are
topped by an erosional surface indicating a break in the marine sedimentation between the Messinian
and the Lower Pliocene, related to the sea level drawdown across the eastern Mediterranean Sea.
In northern Cyprus, the Lapatza Formation of the Mesaoria Basin and its late Miocene evapor-
ite depositions are essentially dominated by gypsum (Fig. 4.8, 4.9; Baroz et al., 1974, Manzi et al.,
2014). However, ~300 m of rock salt are recovered in the Xeri borehole across the central portion
of the Mesaoria Basin (Figs. 4.8, 4.9; Gass, 1960). Evaporites of the Lapatza Formation generally
have been subdivided into two members: Lower Gypsum and Upper Gypsum. The Lower Gypsum
is ~70 m thick and is composed of selenite and laminated gypsum (Fig. 4.8; Robertson et al., 1995).
The Upper Gypsum is ~60 m thick and it is lithologically variable, consisting of gypsum layers al-
ternating with chalks and siliciclastics containing marine microfossils (Robertson et al., 1995). The
presence of marine microfossils suggests the occasional influx of marine waters into predominantly
brackish Lago Mare environment. In southern Cyprus the Kalavasos Formation records the whole
Messinian Salinity Crisis: it is subdivided into three sub-units (Fig. 4.8; Rouchy, 1982; Robertson et

al., 1995; Orszag-Sperber et al., 2009). These are from the bottom: (a) the Lower Gypsum; (b) the
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Intermediate Breccia; and (c) the Lago Mare deposits and Upper Gypsum (Fig. 4.8). The Lower
Gypsum is up to 70 m thick (Robertson et al., 1995), and is described as a composite unit includ-
ing selenitic, laminar (locally known as “marmara” gypsum), clastic and nodular gypsum (Rouchy,
1982). A discontinuous unit known as “barre jaune”, a carbonate breccia including stromatolitic
deposits and fragments of primary gypsum (Fig. 4.8; Rouchy, 1982; Orszag-Sperber et al., 2009),
is commonly present at the base of the lower unit. The Intermediate Breccia is up to 20 m thick
(Robertson et al., 1995), and is composed of polygenic and heterometric breccia made up of gypsum
clasts and blocks in a carbonate/gypsarenite matrix (Rouchy, 1982). According to Robertson et al.
(1995) the gypsum clasts are derived from different gypsum facies including both twinned selenite
crystals and laminar gypsum. These authors suggest that this complex unit resulted from large-scale
tectonically induced mass-failures within the Mesaoria Basin. The Upper Gypsum unit is up to 60 m
thick (Robertson et al., 1995), and is lithologically very variable. According to Rouchy (1982), this
unit includes up to six gypsum beds characterized by different facies, mainly selenitic in the lower
three beds, and mainly laminar gypsum associated with clastic and minor selenitic gypsum in the
upper three-beds. These gypsum beds are separated by marl horizons characterized by the pres-
ence of the typical Lago Mare brackish water faunal assemblages (Fig. 4.8; Roveri et al., 2008a and
references therein) of Parathetyan affinity, including mollusks (Limnocardiine, Melania, Melanop-
sis), ostracods (Cyprideis) and foraminifers (Ammonia beccarii). In the Pissouri Basin the interval
comprised between the uppermost gypsum bed and the Messinian-Zanclean boundary consists of a
lower marl unit with Lago Mare ostracods and gastropods capped by an alternation of conglomerate,
calcarenites and paleosoils (Figs. 4.8, 4.9; Rouchy et al., 2001, Manzi et al., 2014). The final stage
of the Messinian Salinity Crisis is marked by deposition of the Upper Gypsum and “Lago Mare”
units (Orszag-Sperber et al., 2009).

The Messinian sedimentary successions in the marine areas were cored during DSDP Leg 42 at

Sites 375 and 376 on the Florence Rise (Shipboard Scientific Party, 1978), as well as during the ODP
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subdivisions adopted in the Orszag-Sperber et al. (2009). The stratigraphy of the central Mesaoria basin
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Leg 160 at Sites 965, 968 (Fig. 4.1; Shipboard Scientific Party, 1996). Site 375 (TD 821.5m) was
located near the top of the Florence Rise and intermittently cored a sediment sequence, Burdigalian
to Quaternary in age. Site 376 (TD 216.5m) was located ~13 km to the north, at the southern margin
of the Antalya Basin and near the pinch-out of the salt layer (Figs 4.1, 4.10, also see Fig. 3.5 § Chap-
ter 3) The sites complement each other and combined provide a standard section for correlation with
onshore sequences in Cyprus (Figs. 3.5, 4.10).

The thickness of Messinian evaporites is less than 50 m at Site 375 and more than 76 meters
at Site 376. Site 375 only represents the uppermost part of the sequence, and is characterized by
gypsum and green dolomitic marlstone. At Site 376, two units are identified as Messinian in age;
Unit V and Unit VI, and these correspond to the Lapatza Formation and Kalavasos Formation of
Cyprus (Fig. 4.10; Shipboard Scientific Party, 1978). The Messinian units are briefly described

below:

e Unit V consists of nannofossil dolomitic marlstones, with intercalations of siltstones and sand-
stones. It is subdivided into four sub-units. Sub-units Va and Vb are two successions of a
slightly silty nannofossil dolomitic marlstone, with minor amounts of interbedded siltstones
and sandstones. Sub-unit Vc contains thinly bedded inter-layered laminated siltstones and
marlstones, probably of turbiditic origin. Finally, Sub-unit Vd is characterized by abundant
detrital gypsum, and greenish sandstones and siltstones. Marine microfossils, such as plank-
tonic foraminifers and cysts of marine planktonic algae have been identified in several hori-
zons. Their presence suggests the occasional influx of marine waters into this predominantly
brackish “Lago Mare” environment. Parts of Unit V have also been recognized at Site 375;
however, its thickness there is unknown. Seismic data show that Unit V increases markedly in

thickness towards the Antalya Basin (Fig. 4.10; Shipboard Scientific Party, 1978).

e Unit VI is composed of gypsum, green dolomitic marlstone, anhydrite and halite. It is di-

vided into two sub-units. Sub-unit VIa underlies Unit V and contains olive grey to light grey
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gypsum. The Sub-unit includes crudely layered and recrystallized gypsum, coarse selenitic
gypsum crystals, coarse recrystallized gypsum with roughly equant and traced anhydrite and
elongate selenitic “swallow-tail” gypsum crystals, set in a matrix of gypsiferous greenish-
white marlstone. Sub-unit VIb is mainly composed of anhydrite and halite, and contains from
top to base: (i) clear, coarsely crystalline halite with thin wavy interlayers of finely crystalline
gypsum; (ii) white nodular anhydrite with large and small enter-oolitic folds and occasional
chicken-wire structure with considerable amounts of gypsum; (iii) banded anhydrite, in which
thin dark brown, organic-rich laminae separate up to 1 cm thick bands of nodular anhydrite;
and (iv) banded halite with 2 to 4 cm thick layers of clear coarsely crystalline halite sepa-
rated by 0.5 cm thick, brown, fine-grained gypsum layers containing rare anhydrite (Fig. 4.10;

Shipboard Scientific Party, 1978).

In this dissertation Sub-unit VIa has been interpreted as the deep and margin lateral equivalent
of Upper Evaporites and Sub-unit VIb has been interpreted as deep basinal lateral equivalent of the
Lower Evaporites (Lower Gypsum) identified from the marginal basins (Hsii et al., 1978, Rouchy,
1982).

Messinian-age sediments are also recovered during the drilling of the Ocean Drilling Program
Leg 160 Sites 965 and 968A (Shipboard Scientific Party, 1996). Sites 965 and 968 are critical for
this study. The upper Messinian succession recovered at Ocean Drilling Program Hole 968A on
the Cyprus lower slope (Fig.4.1) was generated under brackish conditions (Lago Mare), as deduced
from sedimentological and paleontological data. Gypsum that displays marine signatures (stable
isotope composition of gypsum and monospecific nannoplankton included in gypsum crystals) is
interbedded within this series and interpreted as being reworked from earlier Messinian evaporite
deposits, such as those present onshore in Cyprus (Blanc-Valleron et al., 1996).

The sedimentary sequence recovered at Site 968A is assigned to three lithostratigraphic units

(Shipboard Scientific Party, 1996). Unit I corresponds to 143 m of early Pliocene to late Pleistocene
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age nannofossil clay, nannofossil silty clay, and clayey nannofossil ooze. Several ash layers occur in
the upper 55 m, and about 80 sapropels are present within the upper 116 m. Unit II (143—167 mbsf)
consists of nannofossil clay, clayey nannofossil ooze, clay, and calcareous silty clay. Down to 153.8
mbsf the series is of early Pliocene age, but below it may be early Pliocene to Miocene(?) in age. Unit
III (167-302.7 mbsf) is composed of calcareous silty clay, silt, and sand. Some gypsum occurs, as
millimeter- to centimeter-thick layers, at approximately 215 mbsf. Paleontological evidence suggests
that this interval is Messinian in age (Shipboard Scientific Party, 1996).

Hole 965 penetrated 250.4 m of calcareous ooze and clays overlying limestones, where the sed-
iments are divided into three lithostratigraphic units (Shipboard Scientific Party, 1996). The uncon-
solidated material is principally nannofossil clay with limited intervals of foraminifer-bearing nanno-
fossil clay and nannofossil ooze. Intercalated within the calcareous muds are several decimeter-thick,
dark-colored sapropels that contain disseminated organic matter and pyrite in addition to the common
components of the muds. Unit I extends from 0 to 23 mbsf and consists of nannofossil ooze, clayey
nannofossil ooze, nannofossil clay, and foraminiferal sand, all characterized by random alternations
of color bands through a range of browns, grays, and greenish grays. Unit II directly underlies Unit
I and consists of a 6.3 m thick mottled clays that contain clasts of chalky calcite. It is early Pliocene
in age. Underlying the clay of Unit II is a continuous sequence of limestone that occupies the section
to total depth of the hole at 250.4 mbsf. The calcareous muds overlie a 5.9 m-thick clay layer that
rests unconformably on limestone. The limestone varies from oosparites at the top through a range
of biosparites and biomicrites to the bottom of the unit, where. Biostratigraphic data show that Unit
III is Miocene in age (Shipboard Scientific Party, 1996).

Previous seismic studies have shown that the thickness of the Messinian evaporites in the Eastern
Mediterranean reaches to 2000 m in basins such as Levantine Basin and Herodotus Basin (Netzeband
et al., 2006). In the Florence Rise area, the Messinian evaporites pinch out across the core of the

rise and are absent over the crestal region of the Florence Rise (Woodside et al., 2002), where the
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major erosional M- and N-reflectors converge to form a prominent composite unconformity. The
Messinian evaporite successions gradually increase in thickness away from the core of the Florence
Rise, both toward the Antalya Basin and the Mediterranean Ridge (Hsii et al, 1978; Woodside et al.,
2002; Ozer, 2009; Sellier et al, 2013b). Ozer (2009) showed that further to the north, the Messinian
evaporites form a north-thickening wedge which is nestled on the northern fringes of the Florence
Rise toward the Antalya Basin. The internal stratigraphy of the Messinian evaporites in the Florence
Rise and the Antalya Basin has not been well constrained by previous studies. Limited seismic
reflection data collected during PRISMED Il seismic survey (R/V Atalante; Mascle, 1998) identified
one depositional unit (termed the Mobile Unit), and the six depositional surface markers identified

in this part of the eastern Mediterranean (Lofi et al., 2011a, Loncke et al., 2011).

4.5 Lago Mare

The Lago Mare has long been considered a unique chronostratigraphic unit overlying the Messinian
evaporites (Hsii et al., 1973) generated by a rapid flow of low salinity waters from the Atlantic and
Paratethyan basins into the almost completely desiccated Mediterranean Basin (Fig. 4.11; Cita et al.,
1978a,b).

Lago Mare is a key to the understanding of the geodynamics of the Mediterranean: depth before
and after the Messinian Salinity Crisis, connections with Atlantic and Paratethys domains, signifi-
cance of the erosional phases observed during the Messinian. It documents the onset of the modern
marine circulation in the Mediterranean after the reflooding ending the Messinian Salinity Crisis
(Do Couto et al., 2014). It widely accepted that the final stage of the Messinian Salinity Crisis is
marked by deposition of the Upper Gypsum and Lago Mare, overlying the erosional surface. The
Lago Mare unit corresponds to a very short time interval that separates the marine Lower Evaporite
unit from the marine Pliocene sediments. It is predominantly characterized by brackish to fresh wa-

ter environment at the Miocene—Pliocene boundary. The presence of brackish micro-organisms is
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Figure 4.11: Distribution today of the Messinian-age salt and evaporites, and Lago Mare fauna identified in

drill sites (adopted from Ryan, 2009).

considered to be the consequence of the mixing of faunas due to an exchange of water masses during
the very rapid transition from continental to marine conditions at the Miocene—Pliocene boundary
(Orszag-Sperber, 2006). Guerra-Merchén et al. (2010) also proposed that near the Strait of Gibraltar,
the palaeontological data and the palacomagnetic results obtained in both the Lago Mare unit and
the overlying Pliocene marine sediments restrict the age of the former to the post-evaporitic latest
Messinian. They correlate these deposits based on the age and the environmental conditions with
the Lago Mare event that diachroneously by rapidly occurred throughout the Mediterranean before
the rapid and widespread marine flooding of the Mediterranean at the beginning of the Pliocene.
The biofacies of the Lago Mare deposit are characterized by molluscs and/or ostracods and/or
dinoflagellate cysts of Paratethyan-type (Gignoux, 1950; Ruggieri, 1962; Cita and Colombo, 1979;
Bertini et al., 1995; Orszag-Sperber et al., 2006). The Mediterranean ostracod assemblages of
the post-evaporitic Messinian showed that the Lago Mare facies was widespread across the entire

Mediterranean region, from Spain and France in the west to Cyprus, Syrian and Levant coastline
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in the east (Fig. 4.11; Rouchy et al., 2001; Orszag-Sperber et al., 1989 2000; Cipollari et al., 1999;
Gliozzi et al., 2002, 2007; Bassetti et al. 2006; Roveri and Manzi, 2006; Grossi et al., 2008, Manzi
etal., 2014).

Both outcrop and borehole data show that the Lago Mare type-facies is present across the Mediter-
ranean region, both in the exposed onland basins as well as in the deep parts of the Mediterranean,
above the marine evaporites and just beneath the marine Zanclean reflooding (Fig. 4.11). A brack-
ish fauna is described in different ODP sites, particularly at Sites 974 (Tyrrhenian Sea) and 975
(Balearic Basin) in the western Mediterranean (Iaccarino and Bossio, 1999), but also at Sites 965
and 968 (Eratosthenes Seamount; Blanc-Valleron et al., 1996). Records of the Lago Mare environ-
ment in the deep basins of the western Mediterranean were already described at the ODP Site 652,
eastern Sardinia (Cita et al., 1990) and at the DSDP Site 372 on the Minorca Rise (Benson, 1978).
Also, the Upper Gypsum and Lago Mare units, overlying erosional surfaces and covered by marine
Pliocene in the western Mediterranean, display a marked cyclicity, comprising seven—ten sedimen-
tary cycles in the Upper Gypsum of Sicily (Decima and Wezel, 1971; van der Laan et al., 2006;
Hilgen et al., 2007; Manzi et al., 2009), the post-evaporitic deposits of northern Italy (Vai, 1997;
Roveri et al., 2009, 2014a,b) and the Zorreras/Feos units of southeast Spain (Fortuin and Krijgsman,
2003; Bassetti et al., 2006; Omodeo-Salé et al., 2012).

In the eastern Mediterranean detailed studies of the Pliocene—Miocene boundary in Cyprus and
its correlation with western Mediterranean were carried out in the Polemi, Pissouri, Maroni/ Psema-
tismenos and Mesaoria basins (Rouchy et al., 2001; Dupoux, 1983; Ellion, 1983; Orszag-Sperber
et al., 1989, 2000, 2009; Manzi et al., 2014). Southern Cyprus basins, such as the Pissouri and
Polemi basins, are tectonically controlled depressions oriented NNW—-SSE, which widen in the di-
rection of the deep Mediterranean Sea. In the Polemi and Pissouri basins, synthetic stratigraphic
sections of the Messinian sedimentary succession observed by Orszag-Sperber (2006) show that the

Upper Gypsum includes brackish to fresh water fauna occurring in both basins. Manzi et al. (2014)
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proposed a tentative correlation and tuning of the Upper Gypsum of stage 3 units of the Messinian
Salinity Crisis in Cyprus, Sicily and northern Apennines (Fig. 4.4). Original tuning was proposed,
respectively, by Manzi et al. (2009), for the Upper Gypsum of Sicily, and by Roveri et al. (2008c),

for the evaporite-free units of northern Apennine (Fig. 4.12).
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Figure 4.12: Tentative correlation and tuning of the stage 3 units of the Messinian Salinity Crisis of Cyprus,

Sicily and Northern Apennines (adopted from Manzi et al., 2014).

Drilling data from west of Cyprus (Florence Rise, DSDP sites 375, 376) show that horizons with
marine foraminifera possibly indicate occasional marine influxes within the Lago Mare sediments,
(e.g., Cita et al., 1978a,b; Blanc-Valleron et al., 1996). Also drilling results of the Eratosthenes
Seamount, south of Cyprus (ODP Sites 965, 968) show that sediments across the Miocene—Pliocene

transition include faunal assemblages distinctive of Lago Mare (Blanc-Valleron et al., 1996; Robert-

184



son, 1998).

4.6 New seismic data from Messinian successions (Antalya Basin and

Florence Rise); Seismic character and distribution of Messinian

Salinity Crisis Markers

In this study, the Messinian Salinity Crisis seismic markers have been recognised over the Antalya

Basin and Florence Rise area offshore domain, presented in Table 4.1. The identified seismic markers

of the Messinian Salinity Crisis correspond to erosion surfaces, depositional units and associated

bounding surfaces (Table 4.1 and Fig. 4.13). The main seismic characteristics and distribution of

those seismic markers are described briefly below.

Table 4.1: The Messinian Salinity Crisis seismic sequnces and their charactheristics

This stud MSC Seismic Atlas | Seismic Characteristics of MSC subunits
J Lofietal.(2010) | This study (Antalya Basin, Florence Rise)
Subunit 2a .;trol:ng seilsmié: expreﬁsilon 1"INith Iateralhclontinuity
: Upper Unit igh amplitude parallel reflectors with locally
a % Upper Evaporites F internal unconformaties chaotic facies changes
-8 3 low reflective, semi transparent high amplitude
2 = Subunit 2b Mobile Unit 1 | = highly deformed, largely regionally discontinuous
= i c | reflection packages
£ < = -
©
w = o @
v g = 'g weak and transparent seguence,
= . © ; ; ;
g K Subunit2c  |A| Mobile Unit2 |= with less strong internal reflection
. packages
& €
A & group of high amplitude low frequency
wy .
= @ Subunit 2d . Lower Unit reflections, more or less continuos
Lower Evaporites

In this chapter the terminology used to describe depositional units and surface markers in the

Messinian Salinity Crisis is based on the new synthesis of Lofi et al. (2011a). Based on the seismic
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Figure 4.13: High-resolution multi-channel seismic reflection profile A showing the internal architecture of Unit 2 associated with the deposition during
the Messinian Salinity Crisis. Note that the prominent M- and N-reflectors define the top and base of Unit 2, respectively and that less prominent reflectors
o, B and § define the bounding surfaces of the sub-units 2a-2d. The correlation of the subunits 2a-2d with the lithostratigraphic units identified in the
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al. (2011b) are presented in Table 4.1. Location is shown in Figure 4.1. EMED10 (fix 1953-1978)



data presented in this thesis four correlative packages in Unit 2 are identified in deep Antalya Basin
for the first time. These sub-units are: sub-unit 2a (Upper Unit, Lofi et al., 2011b), sub-unit 2b
(Mobile Unit 1, named by Maillard et al., 2011), sub-unit 2c (Mobile Unit 2, name by Maillard et
al., 2011) and sub-unit 2d (Lower Unit, Lofi et al., 2011b; Table 4.1, Figs. 4.7, 4.14). Five seismic
reflectors are identified in the study area, bounding the above seismic stratigraphic sub-units: M- and
N- and the internal a-, 3-, and d-reflectors (Table 4.1, Figs. 4.13, 4.14, 4.15). A detailed description
of the seismic characteristics of each of these seismic sub-units and internal o-, 8-, and J-reflectors
is presented below, and correlations are made between these sub-units and Messinian Salinity Crisis
successions in deep basin DSDP drill holes and shallow marginal basins.

Based on the drill hole data from DSDP Sites 375 and 376 (Fig. 4.10; Shipboard Scientific Party,
1978) the Messinian Salinity Crisis deposits and their correlation with seismic units in the Antalya
Basin and Florence Rise corresponding to lowermost portion of Unit 1 (lower Sub-unit 1c, uppermost
Messinian) and entire Unit 2 (Messinian). These successions are correlated with the marlstones and
interbedded graded sandstones and siltstones of Unit V, and the anhydrite, halite, gypsum and green
dolomitic marlstones of Unit VI. In the DSDP boreholes, there is a gradational transition between
Miocene lithostratigraphic Units V to VI and this transitional boundary is also seen in the seismic
reflection profiles (Figs. 4.10, 4.13). Unit 2 is also correlated with siliciclastic series interbedded with
anhydrite-bearing and/or gypsiferous and carbonaceous sediments as well as the terrestrial coarser
siliciclastic sediments of the Taslik, Eskikdy and Gebiz formations in the onland Aksu and Manavgat
Basins (Figs. 4.16, 4.17; Akay et al., 1985; Karabiyikoglu et al., 2000), the Kalavasos and Lapatza
formations of the Polemi Basin in southern Cyprus, the Mesaoria Basin and Kyrenia Mountains in
northern Cyprus, and the Haymanseki and Vakifl1 formations of Hatay and Iskenderun basins (Tekin
etal., 2010), as well as the typical of thin, marginal facies of the evaporite basins, respectively (Figs.
4.8, 4.16; Hsii et al., 1973, 1978; Shipboard Scientific Party, 1978; Orszag-Sperber et al., 1980a,b,

2009; Rouchy and Orszag-Sperber, 1980; Ellion, 1983; Dupoux, 1983; Roberstson et al., 1995;
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Figure 4.14: Stratigraphy of the Florence Rise and Antalya Basin showing the correlations between seismic stratigraphic units and the sedimentary

successions on land, compiled from: (a) Adana and Cilicia basins, Andirin Block= Yal¢in and Goriir (1984), Kozlu (1987), Yilmaz et al. (1988), Gokcen
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Manzi et al., 2014).

4.6.1 Sub-unit 2d (Lower Unit)

The lowest sub-unit 2d is characterized by a group of high amplitude, low frequency reflections
which are more or less continuous (Fig. 4.15). Sub-unit 2d is bounded below by the pre-Messinian
Unit 3 and above by sub-unit 2c. The lowermost reflectors of sub-unit 2d onlap onto the N-reflector
(e.g., Fig. 4.18), which corresponds to the Bottom Erosional Surface (BES) of Maillard et al. (2006)
and Lofi et al. (2011a). In the study area, the boundary between sub-units 2d and 2c¢ is delineated by
the &-reflector, which laterally shows two distinctly different acoustic characters: (a) a very smooth
apparently concordant surface in the transition zone between the Florence Rise and the Antalya
Basin, and (b) a very disturbed and erosional surface in the inner and central portions of the Antalya
Basin (Figs. 4.18, 4.19). The areal extent and thickness of sub-unit 2d vary throughout the eastern
Mediterranean basins. Based on the interpretations of the seismic reflection profiles EMED10-57,
EMED10-53, and EMED10-51 across the central segment of the Antalya Basin the thickness of sub-
unit 2d varies between ~250 and ~400 ms twt (Figs. 4.13, 4.18, 4.19). The thickness of this sub-unit
decreases toward the middle portion of the northern continental slope of the Antalya Basin, where
the sub-unit eventually pinches out with no onlap over the N-reflector (Figs. 4.20). Traced from
the southern Antalya Basin across the Florence Rise, the sub-unit also shows a notable decrease in
thickness and it is absent over the core of the Florence Rise (Fig. 4.13, 4.21-4.24). It is hard to
distinguish sub-unit 2d across the southern regions of the Florence Rise, along the western Cyprus
Arc and the northern entrance of the Levantine Basin, because the entire seismic Unit 2 shows a very
complex geometry. High amplitude low frequency reflections are interfered with by low amplitude
high frequency reflections in this part of the study area (Figs. 4.23, 4.24). This complex unit shows
largely post-depositional plastic deformation and mobilization along the southern outer part of the

Florence Rise.
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The age, lithological characteristics and the depositional environment of lowermost sub-unit 2d
of the Messinian evaporite successions is very speculative, because it has never been drilled in the
deep Antalya Basin. Here the seismic characteristics of sub-unit 2d and the general chronostrati-
graphic history of the evaporite deposition across the eastern Mediterranean suggest that sub-unit 2d
possibly corresponds to deposition of detrital sediment and re-deposition of the shallow water pri-
mary lower gypsum (Resedimented Lower Gypsum), related to intensive subaerial erosion immedi-
ately after the onset of the fast and major Messinian sea-level drawdown. However, it is important
to note that sub-unit 2d in the Antalya Basin may not be the correlative successions of the primary
lower evaporites found along the marginal basins across the eastern Mediterranean (CIESM, 2008;
Roveri et al., 2014a,b). The stratigraphic and chrono-stratigraphic correlations in this study further
suggest that sub-unit 2d in the deep Antalya Basin does not correspond to the onset of the Messinian
Salinity Crisis.

At the northern lower slope of the Antalya Basin the base of sub-unit 2d is a regional uncon-
formity, locally showing angular discordance, which is related to the erosion and resedimentation
of primary evaporites, dominated by the Messinian-age gypsum turbidites deposited during the first
stage of the Messinian Salinity Crisis (Fig. 4.20). The correlation with outcrop and borehole data
from Cyprus show that the primary gypsum of the lower evaporites in southern Cyprus marginal
basins and the resedimented gypsum of the lower evaporites in northern Cyprus intermediate basins
are not correlated in terms of their geological ages and the depositional environments (Gass, 1960;

Manzi et al., 2011, 2014; Roveri et al., 2008a, c; Roveri et al., 2014a,b).

4.6.2 Sub-units 2c and 2b (Mobile Units 1 and 2)

Sub-units 2¢ and 2b represent the Messinian salt deposited in the deep basins and display the greatest
thickness variations throughout the study area (Figs. 4.13, 4.19-4.21). They are absent across the

upper and middle slopes of the Antalya Basin and very thin at the lower slope region of the basin
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(Fig. 4.20). Sub-units 2¢ and 2b thicken to ~1.5 s twt within the center of the Antalya Basin, then
thin towards the Florence Rise, pinching out along the north foothills of the Florence Rise, but thick-
ening once more toward the northern Levantine Basin (Figs. 4.19, 4.21). Seismic interval velocities
range between 4200 and 4800 m s~! across sub-units 2c and 2b: the acoustically transparent regions
exhibit interval velocities of up to 4800 m s~!, while the more stratified regions exhibit lower ve-
locities (Fig. 4.25). These internal stratifications indicate vertical facies changes in the evaporites of
sub-unit 2b and 2c¢, possibly with intercalated siliciclastics and/or trapped fluids. Fluid escape struc-
tures have been frequently reported from the eastern Mediterranean Sea, possibly linked to fluids
emanating from the accretionary prism above the subduction zone. In the Antalya Basin and Flo-
rence Rise (except for the core of the Florence Rise), the mobile salt layer is ascribed to sub-unit 2¢
(Mobile Unit 1; Lofi et al., 2011b) and sub-unit 2b (Mobile Unit 2; Lofi et al., 2011b) (Figs. 4.13,
4.18, 4.23). However, from the southern flank of the Florence Rise to the Levantine Basin, these two
sub-units are often shown as a single complex mobile sub-unit (i.e., Complex Mobile Unit of Lofi et
al., 2011b) (Figs. 4.23, 4.24).

Sub-unit 2¢ immediately underlies sub-unit 2b and it is bounded at its base by the §-reflector.
In seismic reflection profiles sub-unit 2c is characterized by both a low reflectivity, semi-transparent
acoustic facies (Fig. 4.15) and an alternating layered facies with several locally continuous and/or
discontinuous and highly deformed high amplitude reflection packages (Fig. 4.19). The geometry
of this sub-unit shows that it experienced syn-sedimentary deformation and deformation associated
with fluid escape (Figs. 4.13, 4.18—4.24). The thickness of this sub-unit differs along the study area;
it is thick in the Antalya Basin (~500 ms twt), thicker in the transition zone between the Antalya
Basin and the Florence Rise (~700 ms twt), but thins toward the northern flank of the Florence Rise
to ~200 ms twt). Sub-unit 2c is possibly lithologically composed of halite intervals with interbedded
anhydrite, Mg and K salts and siliciclastic inputs similar to those observed within the Kalavasos and

Lapatza formations (Fig. 4.8).
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Figure 4.25: Segment of the high-resolution multi-channel seismic reflection profile L showing the interval
velocity profile across the uppermost Messinian—Quaternary of Unit 1 and the Messinian evaporites of Unit 2.
Note the notable velocity increases across the M- and a-reflectors and smaller velocity decreases across the

B- and §-reflectors. Location is shown in Figure 4.1. EMEDI0 (fix 1967-1971)
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Sub-unit 2b comprises of a weakly stratified to transparent sequence, which underlies sub-unit 2a
(Figs. 4.13, 4.18-4.24, 4.26). Sub-unit 2b exhibits an internal reflection configuration that is less
strong than that observed in sub-unit 2c. The boundary between sub-units 2c and 2b is delineated by
the B-reflector in places where both sub-units are present. However, in places where sub-unit 2c is
absent, sub-unit 2b immediately overlies sub-unit 2d (Fig. 4.23). Sub-unit 2b is interpreted as a mas-
sive and relatively pure salt deposit and is the most representative facies of the Messinian evaporite
successions in eastern Mediterranean deep and its intermediate basins (Lofi et al., 2011b). Sub-
unit 2b is ~300-700 ms thick in the northern part of the Antalya Basin, it reaches ~800 ms across
the transition zone between the Florence Rise and the Antalya Basin, but pinches out along the north-
ern and southern fringes of the Florence Rise and northern and southern slope of the Anaxagoras
Mountains (Figs. 4.13, 4.19, 4.24, 4.27-4.29). Within sub-unit 2b, the internal reflection packages
clearly show that the brittle deformation observed in the folded and faulted portion of the Antalya
Basin extends towards the Florence Rise and Anaxagoras Mountain (Fig. 4.1, 4.28, 4.29). Accord-
ing to the seismic interval velocities and litostratigraphic correlations, the lithologies associated with
sub-unit 2b are most likely dominated by halite with less siliciclastic and anhydrite beddings than
sub-unit 2c (Fig. 4.25).

In the southern Florence Rise and Anaxagoras Mountain, towards the northern part of the Lev-
antine Basin the entire Messinian mobile succession (i.e., sub-units 2b and 2c¢) is made up of mixed
seismic facies with transparent seismic facies and very unclear discontinuous reflections that could
be either sub-unit 2b or sub-unit 2¢ (Figs. 4.26, 4.30). Thus, this succession is labeled as sub-
unit 2b+2c. The seismic reflection characteristics of this complex sub-unit show plastic deformation
and mobilization along the northern Levantine Basin and it is thinner at the southern flank of the

Florence Rise and it thickens towards the south through the Levantine Basin (Figs. 4.23, 4.24).
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Figure 4.26: High-resolution multi-channel seismic reflection profile M showing the internal architecture of Unit 2 associated with the deposition during
the Messinian Salinity Crisis. Note that the prominent M- and N-reflectors define the top and base of Unit 2, respectively and that less prominent reflectors

o, 3 and J define the bounding surfaces of the sub-units 2a—2d. Location is shown in Figure 4.1. EMEDI10 (fix 1577-1604)
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Figure 4.27: High-resolution multi-channel seismic reflection profile N showing the internal architecture of Unit 2 across the Mediterranean Ridge. Note

that reflectors o and § can be identified but the , f—reflector cannot be readily identified in this region. Location is shown in Figure 4.1. EMEDI10 (fix
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Figure 4.28: High-resolution multi-channel seismic reflection profile O showing the internal architecture of Unit 2 associated with the deposition during

the Messinian Salinity Crisis. Note that the prominent M- and N-reflectors define the top and base of Unit 2, respectively and that less prominent reflectors

o, 3 and J define the bounding surfaces of the sub-units 2a—2d. Location is shown in Figure 4.1. EMEDI10 (fix 1814-1904)
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Figure 4.29: High-resolution multi-channel seismic reflection profile P showing the internal architecture of Unit 2 associated with the deposition during
the Messinian Salinity Crisis. Note that the prominent M- and N-reflectors define the top and base of Unit 2, respectively and that less prominent reflectors

o, B and & define the bounding surfaces of the sub-units 2a—2d. Further note that sub-units 2b and 2c¢ dramatically thin toward the south where they

eventually pinch-out. Location is shown in Figure 4.1. EMEDI0 (fix 1278-1302)
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Figure 4.30: High-resolution multi-channel seismic reflection profile Q showing the internal architecture of Unit 2 across the Mediterranean Ridge. Note

that reflectors &,  and & which define the bounding surfaces of the sub-units 2a-2d cannot be readily identified in this region. Location is shown in

Figure 4.1. EMED 10 (fix 1444-1470)



4.6.3 Sub-unit 2a (Upper Unit)

Sub-unit 2a constitutes the youngest and uppermost portion of the evaporite successions associated
with the Messinian Salinity Crisis (Table 4.1, Figs. 4.13, 4.16, 4.15). Sub-unit 2a, where present,
immediately underlies the M-reflector which generally forms a prominent reflection with a strong
erosional character (e.g., Fig. 4.13). In most regions, the M-reflector and sub-unit 2a are harmoni-
cally folded and sharply segmented across adjacent synclines and anticlines. The boundary between
sub-units 2a and 2b is delineated by the a-reflector, which often shows an erosional character across
the southern Antalya Basin (Fig. 4.18). Where sub-unit 2a is absent, the a-reflector merges with
the M-reflector often creating an angular discordance between sub-unit 2b and the overlying Unit 1
reflections.

Sub-unit 2a exhibits a strong seismic expression with good lateral continuity, and high amplitude
parallel reflectors with locally internal unconformities and/or chaotic facies changes. In the deeper
part of the eastern Mediterranean this sub-unit was deposited conformable above the mobile sub-
unit 2b and below the uppermost Messinian-Quaternary Unit 1; however it pinches out at the Antalya
Basin margin slope above the N-reflector (Fig. 4.20). The dense grid of seismic reflection profiles
showed that sub-unit 2a increases markedly in thickness towards the Antalya Basin. It is thickest
(~250-300 ms) across the central portion of the deep Antalya Basin and the succession includes
occasionally local unconformities, where the reflectors of the sub-unit 2a onlap the o-reflector (e.g.,
Fig. 4.14). The acoustic character of sub-unit 2a shows sharp changes around the Florence Rise with
less continuous irregular, strong and high amplitude reflectors (Figs. 4.27, 4.28).

Using the interval velocities of 3500-4000 m s~!, sub-unit 2a is correlated with Unit V (Sub-
unit Vd) and the upper part of Unit VI (sub-unit VIa) recovered in the DSDP Sites 375 and 376. This
correlation suggests that the lower part of sub-unit 2a corresponds to six to seven gypsum horizons
interbedded with green dolomitic marlstone cored at Sites 375 and 376. Correlations with bore hole

data further suggest that, the clear boundary between the strongly reflective sub-unit 2a and the over-
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lying Unit 1 (as defined by the M-reflector) must arise from the strong acoustic impedance contrast
between the marls of Unit 1 with a significant amount of marine microfossils (such as oligotypic
planktonic foraminifers and cysts of marine planktonic algae) and the mainly dolomitic marls and
evaporites of the sub-unit 2a. The presence of these fossils suggests the occasional influx of marine
waters into this predominantly brackish Lago Mare environment during the Messinian—Pliocene
transition (Orszag-Sperber et al., 2000; Rouchy et al., 2001). Sub-unit 2a is also correlated with
Upper Gypsum Unit of the marginal evaporites of Lapatza and Kalovasos formations of Cyprus Is-
land (Gass, 1960; Orzsag-Sperber et al. 2009; Lofi et al., 2011a; Manzi et al., 2014; Roveri et al.,

2014a,b) and the Upper Gypsum Unit in the Polemi and Pissouri basins (Manzi et al., 2014).

4.6.4 Time-Thickness of Unit 2 (Messinian Evaporites)

The isopach map of the Messinian evaporites of Unit 2 shows the presence of a very prominent
Messinian depocentre which was nestled between the northern foothills of the Florence Rise and the
southern continental margin of the Antalya Basin (Fig. 4.31). This depocentre was broadly oriented
in a northwest southeast direction, and was bounded by the Amanos-Kormakiti zone in the east and
the Kemer Peninsula in the west. Thickest sediments exceeding 2000 ms occur across the southern
Antalya Basin. The internal architecture of the Messinian depocentre is characterized by a series
of northwest-southeast trending, tear-drop shaped sub-basins, containing 800—1600 ms thick Unit 2
successions. Previous studies suggested that these narrow basins developed as prominent piggy-
back basins associated with a family of northwest-southeast-striking and predominantly southwest-
verging thrust culminations (Isler et al., 2005; Hall et al., 2014a). Throughout the Antalya Basin all
four sub-units of Unit 2 are well developed (e.g., Giines et al., 2014, 2015). Toward the south and
southwest, Unit 2 shows notable thinning by convergence of internal reflectors, as well as progressive
onlap of sub-units 2a, 2b, 2¢ and 2d on the a—, B—, §— and N-reflectors, respectively.

Examination of the sedimentary architecture of the uppermost Messinian—Quaternary succes-
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Figure 4.31: Isochron map of the Messinian successions of Unit 2 (in millisecond two-way time= twt) in
Antalya Basin, Florence and environs. Isobaths contours 1000 m, 2000 m and 3000 m are taken from the
International Bathymetric Charts of the Mediterranean (IOC, 1981). Note that the remarkable coincidence
between the zero isobaths of Unit 2 and the 2000m isobath across the Antalya Basin and the Anaximander

Mountains, and to a lesser extend across the Florence Rise. This relationship is not observed across the Finike

Basin.
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sions clearly demonstrate that the elongated tear-drop shaped sub-basins are predominantly de-
veloped during the Pliocene—Quaternary associated with the halokinetic movement of the seismic
stratigraphic sub-units 2b and 2c. The zero line of Unit 2 is clearly mapped across the study area
(Fig. 4.31). Comparison between the isobath and isochron contours show that there is a modest cor-
relation between the 2000 m isobath and the 0 ms isopach across the study area. This correlation is
best observed along the northern and western segments of the Antalya Basin, but is also observed
along the northern foothills of the Florence Rise and the Anaxagoras Mountain (Fig. 4.31). Vari-
ations are however significant: for example in the Finike Basin the 0 ms isopach contour cuts the
3000 m isobath (Fig. 4.31; also see Aksu et al., 2014c).

The present-day zero edge of Unit 2 in the study area may be a function of (a) the original de-
positional edge of the evaporite basin, and/or (b) the position of the zero thickness of the evaporite
succession developed as the result of evacuation of salt and the associated weld development, and/or
(c) the margin where the evaporites are completely removed by erosion, and/or (d) the original shal-
lower depositional edge of the evaporite succession is brought down to deeper levels by regional basin
subsidence. The zero edge of Unit 2 observed along the northern, western and southern margins of
the Antalya Basin is believed to be the result of the original depositional edge of the Messinian evap-
orite basin, modified by the evacuation of the evaporites from the mid-slope regions and migration to
lower slope—abyssal depths where halokinetic structures developed during the Pliocene—Quaternary
(Isler et al., 2005). These welds are commonly observed immediately landward of the salt roller and
pillows along the continental margin of the Antalya Basin (e.g., Fig. 4.20). The present-day zero
edge in the Antalya Basin must have also been influenced by the regional basin subsidence asso-
ciated with the loading of the thick Pliocene—Quaternary successions. This is further discussed in
Chapter 6.

Messinian evaporites of Unit 2 are largely absent across the continental shelf and continental

slope, except for very thin pockets of Unit 2 preserved within the paleotopographic lows below the M-
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reflector. Messinian evaporites are also absent or very thin across the northwest-southeast trending
crestal zone of the Florence Rise as well as the bulk of the Anaximenes and Anaxagoras Mountains
(Fig. 4.31). The correlation observed between the 2000 m isobath and the 0 ms isopach is not readily
seen across the Finike Basin, where the O ms isochron is closer in its position to the 3000 m isobath,
which is interpreted as the result of dramatic subsidence observed across the Finike Basin (e.g.,
Aksu et al., 2009; 2014c). This is further discussed in Chapter 6. Southward of the Florence Rise
and the Anaxagoras and Anaximenes Mountains, the Messinian evaporites of Unit 2 thicken into
the Mediterranean Ridge area (Fig. 4.31). However, the available data in this study does not allow a

detailed mapping in this region.

4.7 Summary

The new seismic reflection data documented that the Messinian evaporite succession of Unit 2 is
widespread across the Antalya Basin and the Florence Rise regions of the eastern Mediterranean
Sea. The very thick occurrence of Unit 2 in these areas exceeding 2000 ms thickness (~ 4-5 km)
suggested that this region must have been a primary evaporite basin during the Messinian. But
maybe more importantly, the new data clearly show for the first time that there are four distinct
Messinian evaporite sub-units (i.e., 2a—2d) which are separated by regionally traceable reflectors
(i.e., a, B and 8). Acoustically similar sub-units have been previously described from the western
Mediterranean basins (e.g., Lofi etal., 2011a, b), but were never observed across the more extensively
studied Levantine and Herodotus basins of the eastern Mediterranean. The documentation that the
Messinian sub-units also occur across the Antalya Basin and the Florence Rise regions of the eastern
Mediterranean Sea suggested that there are greater sedimentary and seismic stratigraphic similarities
between the western and eastern Mediterranean basins, implying a common and possibly coeval
development of Messinian Salinity Crisis along the entire Mediterranean region (Fig. 4.32).

The data presented in this Chapter document that the successions associated with the Messinian
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Figure 4.32: Synthesis of nomenclature assigned in the literature to onshore and offshore Messinian strati-

graphic units in western Mediterranean region (adopted from Roveri et al., 2014b). Onshore units: LG, Lower

Gypsum; PLG, Primary Lower Gypsum; H, halite; RLG, Resedimented Lower Gypsum; UG, Upper Gypsum;

LM, Lago Mare; MES, Messinian erosional surface. M/P, Miocene—Pliocene Boundary. MSC stages: 1, 2,

3.1, 3.2. Strontium Isotope stages: Sr-1, Sr-2, Sr-3. Offshore units: LE, Lower Evaporites=LU, Lower Unit;

H, Messinian Salt= MU, Mobile Unit; UE, Upper Evaporites= UU, Upper unit; CU, Complex Unit. Offshore

surfaces: MES, marginal erosional surface; horizon N=BES, basal erosional surface/BS, basal surface, base

of Messinian evaporites; horizon M=TES, Top erosional surface/TS, Top Surface: top of Messinian evapor-

ites. Table 4.1 The Messinian Salinity Crisis seismic markers have been recognized over the Antalya Basin

and Florence Rise area offshore domain and their correlations with Messinian Salinity Crisis Seismic Atlas

markers.
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Salinity Crisis across the Antalya Basin and Florence Rise can be evaluated within three distinct
depositional stages, similar to the models presented across the western Mediterranean (Roveri et
al., 2014a—c): “Resedimented Lower Evaporites”, “Mobile Units 1 and 2” and “Upper Evaporites”,
terminated by the deposition of the Lago Mare facies (Fig. 4.32).

The diachroneous deposition model introduced a three-stage desiccation of the western Mediter-
ranean deep basins (Fig. 4.32). Stage 1 (5.97-5.60 Ma; Manzi et al., 2014) involving minor sea-level
drawdown with early evaporite precipitation. The onshore—offshore correlations across the shallow
marginal basins suggested that this stage is probably marked by the deposition of the “Primary Lower
Gypsum”, whereas in the deeper basins only organic-rich shale and carbonate deposition took place
(de Lange and Krijgsman 2010; Lugli et al. 2010, Roveri et al., 2008b). During Stage 2 (5.60-5.53
Ma, Roveri et al., 2014a—c), the shallow-water peri-Mediterranean areas were exposed to subaerial
erosion and evaporite deposition moved to the deeper basins with the widespread deposition of pri-
mary halite and clastic gypsum-carbonate deposits. These clastic evaporites are referred to as the
“Lower Evaporites” (Roveri et al., 2008a, 2014a), and were derived from the resedimentation of the
primary lower gypsum. The second stage involved a combination of base-level drop, tectonic uplift
and variation in the sedimentation rate of evaporites and records the peak of the Messinian Salin-
ity Crisis (Fig. 4.32). Stage 3 (5.53-5.33 Ma; Hilgen et al., 2007; Manzi et al., 2009) included the
deposition of the Upper Evaporites in both shallow and deep basin settings. It is characterized by
gypsum and marl deposits of the Lago Mare facies, which represent sedimentation in a brackish to
fresh water environment (Gignoux, 1950; Ruggieri, 1962; Cita and Colombo, 1979; Bertini et al.,
1995; Orszag-Sperber et al., 2006). This study clearly shows that the Messinian evaporites in the
Florence Rise and the Antalya Basin include the four seismic stratigraphic subunits identified in the
western Mediterranean region. From this perspective alone, the data in this study do not fully agree
with Roveri et al. (2014a—c), which is fully discussed in Chapter 7.

The critical question here is whether or not the events that took place across the western Mediter-
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ranean basins occurred in synchroneity across the eastern Mediterranean basins. The answer to
this question lies across the gateways that connect the eastern and western Mediterranean regions
to the global ocean where saline waters for the development of thick evaporites deposited across
the Mediterranean basins originated. The balanced tectonic uplift and erosion model of Garcia-
Castellanos and Villasefior (2011) eloquently explains how the competing tectonics and erosion
across the Betic and Rif gateways provided the much needed trickling input of saline water into
the evaporative western Mediterranean basins. However, the Sicilian sill must have been subaeri-
ally exposed when the western Mediterranean basins were experiencing evaporite deposition, thus
cutting off the saline water influx into the eastern Mediterranean. Thus, unless there is an addi-
tional gateway that provided the same “trickling saline water input” into the eastern Mediterranean
basins at exactly the same time as the competing tectonic uplift and erosion across the Betic and
Rif gateways, the chronology of the evaporite deposition across the eastern Mediterranean basins
cannot be synchronous with that across the western Mediterranean basins. The only such possible
gateway across the eastern Mediterranean region is the Suez connection to the Red Sea. Although
Popov et al. (2004, 2006) suggested that by the time of the onset of the Messinian Salinity Crisis
the connection of the eastern Mediterranean Sea to the Red Sea was severed, detailed sedimento-
logical, stratigraphic and regional tectonic studies comparable to the Betic and Rif gateways of the
Gibraltar region are missing across the Suez region. This statement primarily applies to the Mobile
Units 1 and 2 (i.e., seismic stratigraphic sub-units 2c—2b, because these are the predominantly halite
units. The development of the lower sub-unit 2d may well be a synchronous event across the entire
Mediterranean region, because the underlying cause of the regional desiccation of the Mediterranean
is the closure of the Betic and Rif gateways. Similarly, the exit from the Messinian Salinity Crisis
was likely to be a quasi—synchronous event. These are further discussed in Chapter 7.

The other, but more serious shortcoming of the present state of knowledge of the eastern Mediter-

ranean region is the lack of good chronological control on the Messinian evaporite sub-units 2a-2d
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from the Antalya Basin and the northern foothills of the Florence Rise. Thus, unless new borehole
data and geochemical and biostratigraphic data exit from these regions, the correlations between the
eastern and western Mediterranean basins can only be regarded as tentative. The east-west corre-
lation and the place of the eastern Mediterranean within the broader Messinian Salinity Crisis is

further discussed in Chapter 7.
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Chapter 5

SEISMIC STRUCTURAL INTERPRETATION
AND DEFORMATION HISTORY OF THE

WESTERN CYPRUS ARC

Introduction

The study area is situated along the western segment of the Cyprus Arc in the eastern Mediterranean
which defines the boundary between the African Plate in the south and southwest and the Aegean-
Anatolian Microplate in the north and northeast (Fig. 5.1). Structurally, it defines a convergence
zone, and is characterized by a broad northwest-southeast trending accretionary prism delineated
by the Florence Rise, a poorly defined trench north of the Mediterranean Ridge, and a prominent
bathymetric ridge at the southeastern portion of the Florence Rise (Ivanov et al., 1992; Robertson
1998b). The Antalya Basin is situated to the north and northeast of the Florence Rise. The entire
region is situated in a forearc setting, with the arc being located in central Anatolia (Fig. 5.1; Ben
Avraham et al., 1995; Robertson, 1998). Previous studies strongly suggested that the subduction has

ceased and that continent-to-continent collision is incipient (Sage and Letouzey., 1990; Robertson,
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1998a; McClusky et al., 2000; Woodside et al., 2002).
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Figure 5.1: Detailed topography, bathymetry and simplified tectonic map of the eastern Mediterranean show-
ing: (1) the Florence Rise and Antalya Basin and their relationship with the major tectonic elements in the
region, (2) the boundary between the African Plate and the Aegean—Anatolian Microplate, as defined by the
position of the hard boundary of the overriding lithosphere. The topography and bathymetry are compiled
fromGeoMapApp (Ryan et al., 2009), the coastline and the selected isobaths contours are from the Intergov-

ernmental Oceanographic Commission (1981), except for the Anaximander and environs: these contours are

from the ANAXIPROBE 95 multibeam data.

The most important unresolved scientific issue of the northeastern sector of the eastern Mediter-
ranean was the delineation of the Miocene—Recent morpho-tectonic architecture and the structural
framework of the Antalya Basin and the Florence Rise, so that the role of these crustal-scale struc-
tures can be understood within the Miocene—Recent tectonic evolution of the greater Cyprus Arc.
Until now, these areas were only imaged using very sparse very low resolution single channel seismic

reflection profiles (e.g., Zitter et al., 2003). This Chapter fills this void in the literature by providing
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a set of very detailed tectonic and paleogeographic maps that were compiled using high-resolution
multichannel seismic reflection profiles processed and interpreted by the author. Finally, although
the Messinian sedimentary successions are one of the most studied examples of salt basins under-
standing of the Messinian sedimentation requires a fundamental understanding of the tectonic history
of the entire eastern Mediterranean. The regional maps and the new data from the Antalya Basin and
Florence Rise provides this much-needed framework. Within this backdrop, the descriptions of the
structural elements and mapping in the study area will be made in three distinct temporal domains:
(i) pre-Messinian Miocene (and older), (ii) Messinian and (iii) uppermost Messinian—Quaternary.
These descriptions will further include correlations with the seafloor morphology, where appropri-

ate.

5.1 Seafloor Morphology

In regions dominated by active tectonism the morphology of the seabed reflects the intensity and style
of the ongoing deformation. This is also true for the eastern Mediterranean region (Figs. 5.1, 5.2).
There are two types of bathymetric data which are available for the eastern Mediterranean Sea. High-
resolution multibeam bathymetry mosaics with ~100 m spatial resolution are available across the
Rhodes, Finike and Herodotus basins, the Anaximander Mountains, Cyprus Arc, the Mediterranean
Ridge, as well as the southernmost portion of the Antalya Basin. However, only the International
Bathymetric Charts of the Mediterranean (IBCM) compilations of spot soundings contoured at 200 m
intervals are available for the Antalya and Cilicia basins (IOC, 1981).

The very low spatial resolution of the IBCM data sets does not allow detailed morphologic in-
terpretation to be drawn from the bathymetric data. These data show that the deep Antalya Basin
has a water depth exceeding 2400 m. The continental shelf is 5-10 km wide. The shelf break occurs
at around 200 m, with steep slopes leading to the abyssal depth in central Antalya Basin. The slope

face is dissected by numerous submarine canyons leading submarine fans (Isler et al., 2005, Hall et
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Figure 5.2: Bathymetry and topography of the study area. The topography is compiled using GeoMapApp
(Ryan et al., 2009), and shaded using Caris Base Editor (4.1). The multibeam bathymetry are from the 100
M-resolution ANAXIPROBE 95 data (Woodside, 1995) for the Anaximander Mountains and Rhodes Basin
and the 500 M-resolution EMODnet (European Marine Observation and Data Network, Portal for Bathymetry,
http://www.emodnet-hydrography.eu/) data for the southern Antalya Basin and Florence Rise. The bathymetry
of the Turkish continental shelf and the Antalya Basin is from the International Bathymetric Charts of the
Mediterranean (IOC, 1981). Isobaths contours (thin white lines) are in meters, calculated using the multibeam
data and Caris Base Editor (4.1), and taken from the IOC (1981) data where multibeam data are absent.
White circles = exploration wells (A—1 = Aksu-1, D-1 = Demre—1, I-1 = Ismail-1, K-1 = Kag— 1, M-1 =
Manavgat-1, M-2 = Manavgat-2) in the onland Aksu, Kopriicay and Manavgat basins and DSDP boreholes

(Sites 375-376) in the Florence Rise.
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al., 2014a).

The multibeam mosaic of the eastern Mediterranean shows the presence of two prominent arcuate
structures: the Hellenic Arc and its northeast continuation the Pliny-Strabo Trenches in the west and
the Cyprus Arc and its northwestern segment the Florence Rise in the east (Figs. 5.1, 5.2). These two
prominent arcs meet at a complicated junction, presently occupied by the Anaximander Mountains.

The Anaximander Mountains emerge as three prominent hills: (a) the Anaximander Mountain
(sensu stricto) is an open V-shaped narrow and arcuate hill with its crest at ~1100 m depth, (b) the
Anaximenes Mountain is a northeast-southwest trending broadly arcuate hill with its crest at ~750 m
depth, and (c) the Anaxagoras Mountain is a mainly northwest-southeast trending broad structure
with several prominent peaks at ~1200-950 m elevations (Fig. 5.2). The Anaxagoras Mountain de-
fines the northwestern edge of the Florence Rise. It is an approximately 25 km wide structure which
includes a narrow (6-7 km) but notably shallower northeast segment and a broader and deeper south-
western segment. Traced toward the southeast, the Anaxagoras Mountain loses its morphological
expression as a hill and merges with the arcuate Florence Rise (Fig. 5.2).

Along the northwestern segment of the Cyprus Arc, there are several northwest-southeast trend-
ing internally-parallel structures, including the Mediterranean Ridge, the Florence Rise and the deep
trough situated between these two structures. The Florence Rise emerges as a prominent regional
bathymetric high in the eastern Mediterranean Sea. The core of the Florence Rise is a broadly west-
northwest—east-southeast oriented bathymetric ridge which stands ~500-1000 m above the adja-
cent seafloor situated at the southeast portion of the Cyprus Arc (Fig. 5.2). It is a tear-drop shape
35 km x 15 km structure.

Across the Florence Rise, where detailed multibeam bathymetry exists, several distinctive mor-
phological regions are observed, including (i) a corrugated seafloor across the southwestern Antalya
Basin, extending onto the foothills of the Anaxagoras Mountain, (ii) a broad zone of seafloor that ex-

hibits anastomosing canal-like depressions, (iii) northwest-southeast trending broadly elliptical deep
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depressions, and (iv) small-scale ridges and runnels (Fig. 5.2).

5.1.1 Corrugated seafloor morphology

The corrugated seafloor across the southwestern Antalya basin is characterized by numerous northwest-
southeast trending ridges that are 50 to 100 m elevated from the adjacent depressions. They form
quasi linear features that extend 5—15 km, with wavelengths of 1-2 km. The ridges commonly merge
to form Y-shaped morphologies (Fig. 5.2). Toward the northwest this zone of corrugated seafloor
morphology becomes progressively less prominent, disappearing near the Finike Basin. Toward
the southeast the individual ridges in the zone gradually assume a broadly north-south orientation,
rendering the zone to appear as a northeast convex seafloor morphology. There is a faint boundary
where the ridges and their intervening depressions transition to a seafloor exhibiting a blocky appear-
ance with canal-like depressions forming loosely anastomosing seafloor morphology (Fig. 5.2). The
seismic reflection profiles (both previous studies and this study) show that this region of corrugated
seafloor morphology extends considerable northward into the Antalya Basin where there is presently

no multibeam data.

5.1.2 Anastomosing canal-like depressions

The southeastern portion of the Florence Rise is characterized by a relatively smooth seafloor that
appears dissected by a network of canal-like seafloor depressions that stand 10-70 m below the
adjacent seafloor (Fig. 5.2). These depressions are approximately 2-5 km apart, but often appear to
merge and/or diverge to form a broadly anastomosing appearance. In the southeastern segment of
the Florence Rise, the canal-like depressions trend in a northwest-southeast orientation, whereas in

the central segment of the rise, they are oriented in a broadly north-south direction (Fig. 5.2).
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5.1.3 Elliptical deep depressions morphology

There are several northwest-southeast oriented elliptical depressions situated immediately southwest
of the Florence Rise (Fig. 5.2). They are 10-20 km long 5-7 km wide and are 400—600 m deeper

than the adjacent seafloor.

5.1.4 Small-scale ridges and troughs

Immediately southeast of the core of the Florence Rise there is a narrow 10—15 km wide zone char-
acterized by a network of small amplitude corrugations where the ridges and the intervening troughs
that show little lateral continuity, giving the appearance of a weakly wrinkled seafloor. These ridges
and troughs are 1-3 km long with wavelengths of 0.5-1 km. The ridges are only 10-40 m above the

adjacent seafloor.

5.2 Tectonic Framework

The following description of the structural architecture and regional tectonic framework of the An-
talya Basin and Florence Rise is done primarily using the deeper penetration (~9 s sub-seafloor),
lower resolution industry multi-channel seismic reflection profiles, supplemented by the notably
shallower penetration (~3-4 s sub-seafloor), but high-resolution multi-channel seismic reflection
profiles, collected by Memorial University of Newfoundland (§ Chapter 2). The structural geo-
logical interpretation of the data is separated into three time domains: (i) pre-Messinian Miocene,
(ii) Messinian and (iii) uppermost Messinian—Quaternary. It is important to note that only the most
prominent crustal-scale thrusts are indicated in the industry seismic profiles, whereas all faults and

associated structures are shown in the high-resolution profiles.
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5.2.1 pre-Messinian Miocene

The pre-Messinian Miocene structural architecture of the Antalya Basin and its southwestern exten-
sion into the Florence Rise is characterized by a very prominent broadly northwest-southeast strik-
ing and largely southwest verging fold thrust belt, with occasional northeast verging back-thrusts
(Figs. 5.3-5.8). This belt extends from the southwestern foothills of the Florence Rise across the
entire Antalya Basin into the eastern limb of the onland Isparta Angle, delineating a 200-250 km
wide deformation zone presently located north and northeast of the greater Cyprus Arc (Figs. 5.1,
5.3).

Several previous studies have been carried out in the Antalya Basin, mainly localized on small
regions (e.g., Isler et al., 2005, King, 2014, Hall et al., 2014), or as more regional studies in the
adjacent areas, but extending into the Antalya Basin (e.g., Barnes, 2015, Cinar, 2015). However, none
of these studies extended into the southern and southwestern Antalya Basin, but as importantly, none
of these studies delineated the regional tectonic and kinematic evolution of the Antalya Basin and
Florence Rise in a holistic manner. In order to provide a holistic and regionally extensive tectonic
interpretation, the entire Antalya Basin including the previously extensively studied northern and
northwestern segment have been included in this study. All seismic data from the northern and
northeastern portion of the Antalya Basin have been re-interpreted and integrated, particularly in the
light of the new deep penetration Turkish Petroleum Corporation seismic reflection profiles (e.g.,
Figs. 5.4-5.8) which were not available for the previous studies. However, all previous studies in the
region are duly acknowledged and referenced in the following sections, where appropriate.

In the trailing segment of the fold-thrust belt in northern and northeastern portion of the An-
talya Basin, the belt consists of several large thrust panels, delineated by major thrust culminations
(Figs. 5.3, 5.4, 5.9, 5.10). The leading thrust (T3) of the fold-thrust belt is characterized by a huge
thrust culmination delineated by the present-day continental slope (e.g., Figs. 5.4, 5.9). Several

smaller thrusts splay-off thrust T3 (e.g., Figs. 5.9, 5.10). The thrusts within the belt have a northeast-
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Figure 5.5: Industry multi-channel seismic reflection profile B showing the structural architecture and tectonic framework of the western Antalya Basin and

the northwestern segment of the Florence Rise. Units 1-4 are described in Chapter 4. The profile is kindly provided by the Turkish Petroleum Corporation.
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Figure 5.6: Industry multi-channel seismic reflection profile C showing the structural architecture and tectonic framework of the central Antalya Basin
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Figure 5.7: Industry multi-channel seismic reflection profile D showing the structural architecture and tectonic framework of the eastern Antalya Basin and
the southeastern segment of the Florence Rise. Units 1-4 are described in Chapter 4. The profile is kindly provided by the Turkish Petroleum Corporation.
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southwest strike, and predominantly southwest vergence. However, a prominent similarly striking but
northeast-verging backthrust is also clearly visible in the seismic reflection profiles. This backthrust
is also identified in previous studies (e.g., King, 2014; Hall et al., 2014a). Toward the northwest, the
fold-thrust belt progressively swing and assume a north-south strike, and trend toward the present-
day coastline of the Antalya Bay (Fig. 5.3; King, 2014; Hall et al., 2014a; Barnes, 2015). Several
industry seismic reflection profiles in this region clearly show that the fold-thrust belt readily extends
toward the onland Antalya Basin, linking with the thrust panels of the Aksu Fault zone. Thus, this
fold thrust belt forms a prominent crustal-scale structural element in the eastern Mediterranean ex-
tending from the Kyrenia Range of northern Cyprus to the Aksu fault zones of south-central Turkey.
It is referred to as the Aksu-Kyrenia Fault zone.

Except for a few smaller thrusts that splay-off from T3, the individual thrusts of the fold-thrust
belt have their tip points within the uppermost segment of the pre-Messinian Miocene succession of
Unit 3. These thrusts never cut the N-reflector when the evaporite succession of Unit 2 is present,
or the M-reflector, where the evaporites are absent. Growth strata observed on the backlimb of the
thrusts and the deformation associated with the frontal basins strongly suggest that these structures
are pre-Messinian Miocene in age. In industry seismic reflection profiles the thrusts display listric
trajectories and sole deep within Unit 4 at 8-9 s twt. This internal seismic stratigraphic architecture
suggests that the trailing segment of the fold-thrust belt constitutes a crustal-scale imbricate system.
There are 2-3 splays that rise from thrust T3 extending into and structuring Units 2 and 1: these are
further described later (see § 5.2.2 and 5.2.3).

This portion of the fold-thrust belt is also identified in previous studies (e.g., King, 2014; Hall et
al., 2014a). These authors referred the trailing segment of the fold-thrust belt as the leading thrust
panels of the Western Taurus Mountains (Hall et al., 2014a).

Across the southeastern Antalya Basin, immediately west of the Kyrenia Range the fold-thrust

belt is defined by 3—4 large thrust culminations (Figs. 5.3, 5.7, 5.8). These thrusts have northwest-
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southeast strike and invariably verge toward the southwest. Unlike the thrusts across the northwestern
portion of the Antalya Basin, these thrusts often cut the N-reflector extending into the evaporite
succession of Unit 2. However, none of the thrusts cut the M-reflector. Previous studies in the
southeastern portion of the Antalya Basin have documented that these thrust culmination are the
western marine extensions of the onland Orga, Kythria, Ovgos and Mesaoria thrusts which define
the core of the Kyrenia Range of northern Cyprus (Isler et al., 2005; Calon et al., 2005a,b). These
major thrust culminations extend from the Kyrenia Range toward the northwest where several smaller
splays are developed.

The southern portion of the Antalya Basin is a tectonically quite zone for the pre-Messinian
Miocene successions of Units 3 and 4, characterized by 2—4 northwest-southeast striking and south-
west verging thrusts in this region (Figs. 5.3, 5.11, 5.12). These thrusts rise from Units 3 and 4
with listric trajectories and often tip below the N-reflector, such as thrusts T7 and T8 (Figs. 5.7, 5.8,
5.11). However, toward the north nearly all thrusts cut the N- and M-reflectors and extend into the
uppermost Messinian—Quaternary succession of Unit 1 (e.g., thrusts S2, S4; Fig. 5.11).

The Florence Rise and its northwestern extension into the Anaxagoras Mountain is a complexly-
faulted tectonic domain with several curvilinear faults consisting of broadly northwest-southeast
striking and predominantly southwest verging thrusts with occasional similarly striking but northeast
verging back thrusts (Fig. 5.3). This zone appears to further extend toward the southeast, possibly
linking with the central segment of the Cyprus Arc (Fig. 5.1).

The structural architecture of the Florence Rise and the Anaxagoras Mountain is best imaged
in the industry seismic reflection profiles (e.g., Figs. 5.4-5.8). These profiles show the presence of
a very prominent crustal-scale fold-thrust belt across this region, characterized by 3—4 large thrust
panels cored by southwest-verging thrusts. These thrusts rise from 9-10 seconds depth and extend
with listric trajectories into the upper portion of the pre-Messinian Miocene Unit 3 (Figs. 5.4-5.8).

Most of the thrusts show tip points below the N-reflector; however, a few thrusts cut the N- and M-

235



9¢¢

NE Florence Rise Skm SW

Antalya Basin
Mediterranean Ridge

2
E
=
£ |=
g
@
T
gl
3

Figure 5.11: High-resolution multi-channel seismic reflection profile H showing the architecture of the southeastern Antalya Basin and eastern Florence
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reflectors and extend into the uppermost Messinian—Quaternary successions of Unit 1. These thrusts
are believed to have been re-activated during the uppermost Messinian—Quaternary (explained later).
A few northeast-verging back thrusts are also imaged, such as thrust T4 (Fig. 5.5, 5.6, 5.8). The
high-resolution multi-channel seismic reflection profiles show that in addition to these crustal-scale
thrusts, there are smaller thrusts which splay off from these prominent thrusts (e.g., Figs. 5.11, 5.12).

The linkage between the Florence Rise and its continuation into the Anaxagoras Mountain with
the Anaximander Mountains (sensu lato) is complex. There are several previous works in this re-
gion (e.g., Aksu et al., 2009; Barnes, 2014). These previous studies documented the presence of
two crustal-scale thrust culminations which carry the Anaximander and Anaximenes mountains
(Fig. 5.3). Thrust TT2 delineates the southern margin of the Anaximenes Mountain and is a deeply
rooted crustal-scale structure running essentially parallel to the thrust TT1. In turn, thrust TT1 de-
fines the southern margin of the Anaximander Mountain, and is another deeply-rooted crustal-scale
structure (Aksu et al., 2009; Barnes, 2014). These authors speculated that the thrust TT2 links with
the thrust TT1 at depth, and forms a crustal-scale N-dipping, S-verging, thick-skinned linked imbri-
cate thrust system. Aksu et al. (2009) also showed that traced toward the northeast, the orientation of
the map trace of the TT2 thrust shows a progressive rotation from an E-W trend to a predominantly
NE-SW trend. These authors speculated that this swing in the trend of the TT2 thrust represents a
35-40° counterclockwise rotation of the eastern segment of the Anaximenes block sometime during
the uppermost Messinian—Quaternary. Previous studies also noted that the large thrust culminations
that define the northeastern and southwestern margins of the Anaxagoras Mountain and the Florence
Rise display similar vergence, and that these two thrusts are nearly parallel to one another (Fig. 5.3,
Aksu et al., 2009; Barnes, 2014). These authors speculate that these two thrusts must merge at depth,
forming a crustal-scale northeast-dipping, southwest-verging, thick-skinned linked imbricate thrust
system.

The data described above, including the linkage of the Florence Rise with the Anaximander
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Mountains (sensu lato) clearly document that during the pre-Messinian Miocene, there was a broadly
north-south or northwest-southeast oriented contractional belt extending approximately 250 km in
front of the subduction zone in the eastern Mediterranean. This belt was characterized by numerous
large culminations cored by predominantly southwest-verging thrusts. The deformation across the
contractional belt was concentrated into two distinct zones: (a) the leading portion of the belt across
the Florence Rise and Anaxagoras Mountain is delineated by 3—4 southwest-verging thrusts with
1-2 back thrusts and (b) the trailing portion of the belt across the inner Antalya Basin is delineated
by 6-9 southwest-verging thrusts with at least 1 back thrust. The zone between the leading and
the trailing portions of the fold-thrust belt across the southern Antalya Basin was relatively free
of structuring. The thrust trajectories extending to 9-10 s depths imaged in the industry seismic
reflection profiles clearly document that this 200-250 km wide fold-thrust belt must represent a

crustal-scale deformation zone across the eastern Mediterranean.

5.2.2 Messinian

The identification and mapping of the strictly Messinian faults were challenging because of the mask-
ing effect of the evaporites. This means that the low competence of the evaporites cause detachment
of structures in the Messinian, but as importantly the post-Messinian halokinetic deformation asso-
ciated with the loading of the uppermost Messinian—Quaternary successions of Unit 1. Faults are
identified as “Messinian” if they met one or all of the following criteria: (a) thrusts and their tra-
jectories are clearly imaged in the seismic reflection profiles, creating well defined ramp anticlines
within Unit 2, (b) there is clear evidence of growth strata development within Unit 2 on the back-
limb of an asymmetric fold (i.e., thrust culmination), and (c) there is clear evidence of structuring
by a deeply-seated blind thrusts at the N-reflector and possibly M-reflector levels where structuring
does not continue into the uppermost Messinian—Quaternary succession of Unit 1. However, the ab-

sence of Unit 2 across large stretches of the northern sector of the Antalya Basin shallower than the
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present-day 2000 m isobaths creates uncertainties in the determination of tectonic activity during the
Messinian. In these areas, the only circumstantial evidence that can be used for fault activity may
be associated with the harmonic structuring of the M-reflector with the underlying pre-Messinian
Miocene successions (e.g., Fig. 5.13). For example, in Figure 5.13, there are four thrusts identified
within Unit 3 (N2-N5). The only thrust that remained active during the Messinian is N5, which also

shows a well-developed ramp anticline and the M-reflector is harmonically folded relative to Unit 3.

The Messinian structural architecture of the Antalya Basin and its southwestern extension into
the Florence Rise is characterized by several prominent broadly northwest-southeast striking and pre-
dominantly southwest verging fold thrusts, with occasional northeast verging back-thrusts (Figs. 5.11,
5.12, 5.14). Comparison between the pre-Messinian Miocene and Messinian tectonic maps reveals
that a number of prominent thrusts remained active during the Messinian (Figs. 5.3, 5.20). For exam-
ple, seismic reflection profiles along the eastern portion of the Antalya Basin shows the presence of
3—4 large thrusts that clearly cut the N-reflector extending into Unit 2, then further cut the M-reflector
extending to the depositional surface where they create distinct seafloor inflections (e.g., S2, S4, S5;
Figs. 5.15, 5.16). These thrusts created ramp anticlines within Unit 2, and the distinctive reflectors
within the unit show footwall and hanging wall cutoffs, indicating that the thrusts were active during
the deposition of Unit 2.

However, numerous thrusts which were active during the pre-Messinian Miocene became inac-
tive during the Messinian, as indicated by the tip points of these thrusts being located below the
un-structured N-reflector. For example, thrusts N1-N5 are clearly imaged in the pre-Messinian
Miocene successions of Unit 3, where several reverberatory reflectors can be highlighted delineating
large ramp anticlines (Figs. 5.13, 5.17, 5.18). All these thrusts show tip points within the uppermost
portion of Unit 3, but they do not affect the overlying N-reflector and Unit 2, indicating that the

thrust activity must have ceased prior to the development of the unconformity represented by the
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Figure 5.13: High-resolution multi-channel seismic reflection profile J showing the architecture of the northwestern Antalya Basin slope. Note that thrust
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major thrusts. Filled triangles are placed on the hanging wall. Solid blue lines are the zero ms isopach contour
of Unit 2 (see Fig. 4.31), and represent the approximate position of the Messinian coastline, with the gray fill
representing regions that are exposed subaerially during the Messinian Salinity Crisis. Present-day coastline
and present-day 1000 m and 2000 m isobaths contours are also shown with thin black lines and thin dashed
blue lines, respectively. Purple line segments are seismic reflection profiles illustrated in Figures 5.13-5.19.

Thrust labels correspond to those illustrated in these seismic reflection profiles. White circles = exploration

and DSDP boreholes.
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Figure 5.15: High-resolution multi-channel seismic reflection profile K showing the thrust faults that remained active during the Messinian in the south-

eastern sector of the Antalya Basin (see text for explanation). Location is shown in Figure 5.13. EMEDI10 (fix 1814-1846)



e

NE Antalya Basin

00
20

o

6°10°20°

T’ Water depth (km) '}’

w

twt (s)
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N-reflector.

The tectonic architecture described above strongly suggests that the north-south and/or northwest-
southeast convergence that was predominant during the pre-Messinian Miocene across the Antalya
Basin and the Florence Rise notably waned during the Messinian. A similar conclusion was also
noted by numerous previous workers across the eastern Mediterranean, from the Latakia, Cyprus
and Mesaoria basins (Hall et al., 2005a,b; Calon et al., 2005a,b), the Iskenderun, Adana and Cilicia
basins (Aksu et al., 2005a,b; Burton-Ferguson et al., 2005; Aksu et al., 2014b,c; Walsh-Kennedy et
al., 2014), the Finike and Rhodes basins and the Anaximander Mountains (Aksu et al., 2009, 2014a;
Hall et al., 2009, 2014b), as well as the northern sector of the Antalya Basin (Isler et al., 2005; Hall
et al., 2014a). The progressive waning of the tectonic activity toward the upper Miocene and the

relatively quite tectonism during the Messinian will be evaluated later in Chapter 6.

5.2.3 Uppermost Messinian—Quaternary

The tectonic framework of the uppermost Messinian—Quaternary successions of Unit 1 is notably
more complex than that of the Messinian successions of Unit 2 and the pre-Messinian Miocene suc-
cessions of Unit 3 (Fig. 5.20). There are five broadly northwest-southeast trending morpho-tectonic
domains in the uppermost Messinian—Quaternary successions of Unit 1, each delineated by a dis-
tinctive seafloor morphology (Figs. 5.2, 5.20): (a) a domain in inner and western Antalya Basin
dominated extensional faults, (b) a domain immediately south of the extensional faults, character-
ized by contractional structures, (c) a halokinetic domain in southwestern Antalya Basin north of
the foothills of the Anaxagoras Mountain, (d) a domain across the crestal portion of the Florence
Rise dominated by inversion structures, and (e) a domain across the northeastern and southwest-
ern margins of the Florence Rise characterized by positive flower structures. Thus, the uppermost
Messinian—Quaternary tectonic architecture will be described under these sub-headings, followed

by a holistic summary at the end of the Chapter.
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Figure 5.17: High-resolution multi-channel seismic reflection profile M showing architecture of the southern Antalya Basin, where numerous thrust faults
ceased their active prior to the development of the unconformity delineated by the M-reflector. Note that the reflectors within the pre-Messinian Miocene
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Figure 5.18: High-resolution multi-channel seismic reflection profile N showing architecture of the southern Antalya Basin, where numerous thrust faults
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Figure 5.19: High-resolution multi-channel seismic reflection profile O showing architecture of the southern Antalya Basin, where numerous thrust faults
ceased their active prior to the development of the unconformity delineated by the M-reflector. Note that the reflectors within the pre-Messinian Miocene
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Figure 5.13. EMEDI0 (fix 1716-1748)



Tectonic map of Unit 1

- 37°N

A 360N

-35°N

T T
30°E 31°E 32°E

Figure 5.20: uppermost Messinian—Quaternary tectonic map of the Antalya Basin and Florence Rise showing
the distribution of the major structures. Filled triangles are placed on the hanging walls of thrusts, while
filled rectangles and small ticks are placed on the hanging walls of normal faults. Thin red lines are seafloor
expressions of salt cored folds, thin aquamarine lines are the seafloor expressions of the inversion structures,
thin blue lines are the seafloor expressions of the positive flower structures. Purple line segments are seismic
reflection profiles illustrated in Figures 5.21-5.26, 5.28-5.30, 5.32-5.34, 5.36-5.41. Fault labels correspond
to those illustrated in these seismic reflection profiles. White circles = exploration and DSDP boreholes. Black
circles from A to E = Locations of the upper-most Messinian—Quaternary structural domains (see § 5.2.3 in
the text). Structures of the Anaximander and Anaximenes mountains, the Sirr1 Ering Plateau, the Finike Basin
and the northwestern sector of the Antalya Basin are from Barnes (2015), Aksu et al. (2009, 2014) and Hall

et al. (2014a).
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(A) Extensional domain

Across the northern and northeastern sectors of the Antalya Basin, the uppermost Messinian—Quaternary
tectonic framework is characterized by a prominent family of broadly northwest-southeast striking
and northeast- and southwest-dipping faults that display extensional separations (Fig. 5.20). Toward
the northwest, these faults progressively swing to assume a mainly north-south strike. In eastern
Antalya Basin, these faults display listric trajectories and sole in the evaporite successions of Unit 2
or extend into the pre-Messinian Miocene successions of Unit 3 (Figs. 5.21, 5.22). Prominent up-
permost Messinian—Quaternary growth strata wedges developed on the hanging walls of the faults
suggest that faulting occurred during sedimentation. Tip points of these faults are either within the
uppermost portion of Unit 1 (e.g., Fig. 5.21) or occur on the seafloor, where they create prominent
steps on the depositional surface (e.g., Fig. 5.22). High-resolution seismic reflection profiles also
show the presence of several smaller extensional faults some forming near bedding-parallel detach-
ments associated with prominent surface inflections fans, interpreted as slides, yet others are steeper
and planar faults associated with halokinetic movements (Figs. 5.21, 5.22). These faults are also
noted and mapped by previous workers in the area (e.g., Isler et al., 2005; King, 2014; Hall et al.,
2014a).

Several faults in the upper portion of the continental slope show footwall-hanging wall geome-
tries that are counter-intuitive with regards to normal faults (e.g., Fig. 5.23). In syn-sedimentary
normal faulting the sediment thickness on the footwall is invariably thinner than that in the hang-
ing wall, while post-sedimentary faulting shows no discernible thickness variations across the fault.
However, in this example, the footwall block hosts thicker sedimentary accumulation than the hang-
ing wall block (Fig. 5.23). This geometry strongly suggests that there exist strike slip displacements
across these faults and that the footwall (or the hanging wall) is laterally transported to the site. Thus
these faults are best described as having oblique slip. The possible strike slip component of these

faults was also previously noted by Isler et al. (2005). Careful mapping of these faults with oblique
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Figure 5.21: High-resolution multi-channel seismic reflection profile P showing the architecture of the northeastern Antalya Basin. Note the promi-
nent listric extensional faults that developed within the uppermost Messinian—Quaternary successions of Unit 1. Further note the near bedding parallel

detachments associated with surface slides. Location is shown in Figure 5.20. EMEDOL1 (fix 490-510)
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Figure 5.22: High-resolution multi-channel seismic reflection profile Q showing the architecture of the northeastern Antalya Basin. Note the promi-
nent listric extensional faults that developed within the uppermost Messinian—Quaternary successions of Unit 1. Further note the near bedding parallel

detachments associated with surface slides. Location is shown in Figure 5.20. Location is shown in Figure 5.13. EMEDOI (fix 542-562)



slip shows that they are largely confined to the shallower northeastern sector of the Antalya Basin and
that they are readily traced toward the land, possibly linking with the dextral strike slip Kirkkavak
Fault and the dextral Aksu Fault zone (further discussed in Chapter 6).

Farther northwest, south and southwest of the oblique faults, the tectonic framework of the
northwestern sector of the Antalya Basin is delineated by two prominent extensional fault systems
(Fig. 5.20). In the east there is a prominent arcuate zone trending from northwest-southeast to mainly
north-south which is characterized by numerous extensional faults that show southwest and northeast
dips (e.g., Figs. 5.18, 5.24). The fault trajectories are often listric extending from the M-reflector to
the depositional surface, where the faults create distinct steps. In cross sectional view, they resemble
horst and graben (Fig. 5.18, 5.24). Many faults in this fan do not cut the M-reflector, but a few ex-
tend into the uppermost portion of the underlying Unit 3. This fault fan is also mapped by previous
workers, including King (2014), Hall et al. (2014a), and Barnes (2015). Although all profiles are
re-interpreted by the author, the fault traces in this area are taken from Barnes (2015) and Hall et al.
(2014a).

A second prominent extensional fault system occurs across the western sector of the Antalya
Basin (Fig. 5.25). This area is extensively studied by previous workers (e.g., Cinar 2014; King, 2014;
Hall et al., 2014a; Barnes, 2015). The extensional fault system has two distinct fans: an inner shelf-
edge fan is delineated by steeper and planar extensional faults that are developed along the western
Antalya continental margin and a second outer fan which is characterized by listric extensional faults
that occur within the deeper portion of the western Antalya Basin (Figs. 5.20, 5.25). The inner fan
has a north-northeast — south-southwest strike, paralleling the Kemer Peninsula. Many of the faults
extend into the coastline and define steep scarps onland (e.g., Cinar 2014; King, 2014; Hall et al.,
2014a; Barnes, 2015). The outer fan has a distinctly northwest-convex arcuate shape. The master
faults that control this convex shape can be readily mapped in the dense grid of seismic reflection

profiles. Southeast of the master faults, the deep water region of the northwest Antalya Basin is
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Figure 5.23: High-resolution multi-channel seismic reflection profile R showing the footwall and hanging wall geometries across several faults that cut
the entire uppermost Messinian—Quaternary successions of Unit 1 across the upper slope region in northeastern Antalya Basin. Note that the sediments are
thicker in the footwall block than they are in their hanging wall counterparts, suggesting the presence of strike slip component in these faults. The dextral

sense for the strike slip is based on correlation of these faults with the onland Kirkkavak Fault and the Aksu Fault zone (§ Chapter 6). Location is shown

in Figure 5.20. EMEDOL1 (fix 1778-1798)
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Figure 5.24: High-resolution multi-channel seismic reflection profile S showing architecture of the northwestern sector of the Antalya Basin. Note that
numerous thrust faults ceased their active prior to the development of the unconformity delineated by the M-reflector. Further note that the reflectors within
the pre-Messinian Miocene succession of Unit 3 are disharmoniously structured relative to the M-reflector and the overlying Messinian successions of

Unit 2 and the uppermost Messinian—Quaternary successions of Unit 1. Location is shown in Figure 5.20. EMED92 (fix 1178-1198)



dominated by superficial extensional faults that often create bedding parallel detachments and/or

faulting associated with halokinetic movements (e.g., Fig. 5.25).

(B) Contractional domain

The contractional domain is situated immediately southwest of the extensional domain and define
a 25-50 km wide zone dominated by 69 prominent thrusts (Fig. 5.20). Their tip points may lie
in the Messinian but the overlying ramp-antiforms deform the Pliocene-Quaternary succession, this
confirms their young age. In the northern portion of the domain the thrusts have northwest-southeast
strike and are invariably southwest verging (Figs. 5.20, 5.26). These thrusts can be readily mapped
toward the northwest, where they progressively assume a north-south strike, similar to their pre-
Messinian Miocene and Messinian counterparts. In this area, a prominent thrusts splays from the
main thrust and extends westward into the extensional domain (Figs. 5.10, 5.20). However, in the
southern portion of the domain, there are also 2-3 northeast verging thrusts. This domain, including
the southern portion where oppositely-verging thrusts exist, has been identified in previous studies
(e.g., Isler, 2003; Isler et al., 2005). These authors interpreted the domain as a transpressional zone
between the extensional domain in the north and the Florence Rise in the south.

Compressional faults also occur across the westernmost portion of central Antalya Basin, im-
mediately southeast of the Kemer Peninsula (Fig. 5.20; Cinar 2014; Aksu et al., 2014a). In this
area, the uppermost Messinian—Quaternary structural architecture is characterised by 4—5 northeast-
southwest striking and invariably northwest verging thrusts. These thrusts have tip points within the

lower portion of Unit 1 (Cinar 2014; Aksu et al., 2014a).

(C) Halokinetic domain — salt cored folds

A prominent zone characterized by upright anticlines and their intervening synclines occur across

the southwestern portion of the Antalya Basin, over the northeastern foothills of the Anaxagoras

256



Antalya Basin 0°

N
I

LST
Water depth (km)

w
I

Figure 5.25: High-resolution multi-channel seismic reflection profile T showing architecture of the western sector of the Antalya Basin. Note that several
listric normal faults define the tectonic architecture of the uppermost Messinian—Quaternary successions of Unit 1. Also note that numerous near bedding

parallel detachments occur within Unit 1. Location is shown in Figure 5.20. EMEDOI (fix 961-981)
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Figure 5.26: High-resolution multi-channel seismic reflection profile U showing architecture of the eastern sector of the Antalya Basin. Note that numerous
thrust faults ceased their active prior to the development of the unconformity delineated by the M-reflector. Further note that the reflectors within the pre-
Messinian Miocene succession of Unit 3 are disharmoniously structured relative to the M-reflector and the overlying Messinian successions of Unit 2 and

the uppermost Messinian—Quaternary successions of Unit 1. Location is shown in Figure 5.20. EMEDOL1 (fix 686-706)



Mountain (Fig. 5.20). In this area the seafloor is notably corrugated and includes several broadly
northwest-southeast trending curvilinear ridges and troughs which exhibit moderate lateral continu-
ity (Figs. 5.2, 5.27). Comparison between the multibeam mosaic and the high-resolution seismic
reflection profiles shows that this seafloor morphology is the expression of the positive flower struc-
tures created by notably high-angle bi-vergent thrust faults that developed within the uppermost
portion of the evaporite successions of Unit 2 and the entire uppermost Messinian—Quaternary suc-
cessions of Unit 1 (Figs. 5.28-5.30). The M-reflector can be readily traced across the anticlines
and synclines, which reveals that the core of the anticlines are penetrated by the evaporites. Similar
structures in the eastern Mediterranean region have been named as “salt cored folds” (e.g., Aksu et

al., 2005a,b, 2009, 2014a; Hall et al., 2005a,b).

(D) Prominent shear zone — basin inversions

This domain occurs along the crestal region of the Florence Rise and it is topographically notably
elevated from the adjacent seafloor of the Antalya Basin in the north and the northern foothills of
the Mediterranean Ridge in the south (Fig. 5.2). The detailed multibeam mosaic across the west-
ern segment of this zone shows a complex seafloor morphology, with prominent northwest-southeast
elongated hills and similarly elongated depressions overprinted on the generally northwest-southeast
trending seafloor lineations (Fig. 5.31). High-resolution seismic reflection profiles further illustrate
this complexity (Figs. 5.32, 5.33). One of the most important features of the uppermost Messi-
nian—Quaternary successions is the reciprocal relationship that the M-reflector exhibits with the
seafloor: in regions where the M-reflector goes down, the seafloor goes up, and in regions where
the M-reflector goes up, the seafloor goes down. This is further highlighted by the presence of a
local mid-Unit 1 unconformity, which was never observed elsewhere in the Antalya Basin. When
examined carefully it becomes apparent that Unit 1 reflectors below the local unconformity exhibit

a concave upwards pattern, whereas in many instances those above the local unconformity exhibit
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Figure 5.27: Multibeam bathymetry of the northwestern segment of the Florence Rise near the junction
with the Anaxagoras Mountain. The multibeam bathymetry are from the 100 M-resolution ANAXIPROBE
95 data (Woodside, 1995) for the Anaximander Mountains and Rhodes Basin and the 500 M-resolution
EMODnet (European Marine Observation and Data Network, Portal for Bathymetry, http://www.emodnet-

hydrography.eu/) data for the southern Antalya Basin and Florence Rise. Location is shown in Figure 5.2.
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Figure 5.28: High-resolution multi-channel seismic reflection profile V showing architecture of the southwestern sector of the Antalya Basin. Note the
occurrence of a thick Messinian evaporite succession (i.e., Unit 2) and the development of several upright anticlines and their intervening synclines within

the uppermost Messinian—Quaternary successions of Unit 1. Further note that these anticline syncline pair are bounded by oppositely-verging thrust faults.

Location is shown in Figure 5.20. EMEDI10 (fix 1282-1302)
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Figure 5.29: High-resolution multi-channel seismic reflection profile W showing architecture of the southwestern sector of the Antalya Basin. Note the
occurrence of a thick Messinian evaporite succession (i.e., Unit 2) and the development of numerous upright anticlines and their intervening synclines
within the uppermost Messinian—Quaternary successions of Unit 1. Further note that these anticline syncline pair are bounded by oppositely-verging thrust

faults. Location is shown in Figure 5.20. EMEDI10 (fix 1501-1521)
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Figure 5.30: High-resolution multi-channel seismic reflection profile X showing architecture of the southwestern sector of the Antalya Basin. Note the
occurrence of a thick Messinian evaporite succession (i.e., Unit 2) and the development of several upright anticlines and their intervening synclines within
the uppermost Messinian—Quaternary successions of Unit 1. Further note that these anticline syncline pair are bounded by oppositely-verging thrust faults.

Location is shown in Figure 5.20. EMEDI10 (fix 1355-1375)



a convex upwards pattern (Figs. 5.33, 5.34). A nearly identical seismic stratigraphic architecture
was described from the Outer Latakia Basin to the east of Cyprus, where the reciprocity of the M-
reflector and the seafloor as well as the development of the mid-Unit 1 unconformity were explained
by a phase of basin inversion during the middle portion of the Pliocene—Quaternary (Hall et al.,
2005a).

Another very notable feature of the central segment of the Florence Rise is the presence of a very
prominent positive flower structure (Figs. 5.33, 5.34). The structure is bounded by 1-2 northwest-
southeast striking and southwest verging thrust faults, complemented by 1-2 similarly striking but
northeast verging thrust faults. Within the central portion of the structure the uppermost Messi-
nian—Quaternary successions of Unit 1 range between 900 ms and 1400 ms, yet the crestal region
of the structure stands 300-500 ms above the adjacent seafloor (Figs. 5.33, 5.34). Similar to the ge-
ometry described above, Unit 1 exhibits a concave architecture below the mid-Unit 1 unconformity,
but a convex architecture above the local unconformity. This geometry clearly documents that there
was an uppermost Messinian—Quaternary basin in the general region of the present-day crest of the
Florence Rise, but this basin became dramatically inverted sometime during the Quaternary.

Across the northern foothills of the Florence Rise, the seafloor exhibits a “cracked” appearance
with notably sinuous and predominantly northwest-southeast trending troughs merge and diverge,
similar to an anastomosing pattern (Fig. 5.35). In high-resolution seismic reflection profiles the ir-
regular ridges and troughs appear to be bounded by vertical discontinuities (Figs. 5.36, 5.37). The
reciprocal relationship between the seafloor and the M-reflector observed in the large inversion struc-
tures are similarly observed in these smaller structures. The uppermost Messinian—Quaternary suc-
cessions of Unit 1 also exhibit the mid-Unit 1 unconformity. On the basis of the similarities of their
internal architecture with the previously described inversion structures, these are interpreted to de-
velop as the inversion-related deformation (e.g., Hall et al., 2005a). However, the seismic architecture

of some of these inversion structures also resemble the fluid escape structures, the associated mud
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Figure 5.31: Multibeam bathymetry of the central segment of the Florence Rise. The multibeam bathymetry
are from the 100 M-resolution ANAXIPROBE 95 data (Woodside, 1995) for the Anaximander Mountains and
Rhodes Basin and the 500 M—resolution EMODnet (European Marine Observation and Data Network, Portal
for Bathymetry, http://www.emodnet-hydrography.eu/) data for the southern Antalya Basin and Florence Rise.

Location is shown in Figure 5.2.
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Figure 5.32: High-resolution multi-channel seismic reflection profile Y showing the complexly faulted and folded structural architecture of the western
sector of the Florence Rise. Note the occurrence of a mid-Unit 1 unconformity. Further note the occurrence of a centrally located deeply seated positive

flower structure. Location is shown in Figure 5.20. EMED10 (fix 1713-1733)
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Figure 5.33: High-resolution multi-channel seismic reflection profile Z showing the complexly faulted and folded structural architecture of the western

sector of the Florence Rise. Note the occurrence of a mid-Unit 1 unconformity. Further note the occurrence of a centrally located deeply seated positive

flower structure. Location is shown in Figure 5.20. EMEDI10 (fix 1642-1662)
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Figure 5.34: High-resolution multi-channel seismic reflection profile C showing the complexly faulted and folded structural architecture of the western
sector of the Florence Rise. Note the occurrence of a mid-Unit 1 unconformity. Further note the occurrence of a centrally located deeply seated positive

flower structure. Location is shown in Figure 5.20. EMED10 (fix 1875-1895)



diapirism and salt dissolution-related structures (see Mascle et al. 2014 for a review). These studies
documented that fluid escape structures are often represented by notably narrow near vertical acous-
tically transparent zones in seismic reflection profiles (Hiibscher and Diimmong, 2011; Mascle et al.,
2014). This acoustic character is similar to what is observed in some structures across the Florence
Rise (Figs. 5.37, 5.38). In the multibeam mosaic images of the seafloor the fluid escape vents are
almost always represented by circular to near circular seafloor morphologies (Loncke et al., 2004),
even so when the venting occurs along discrete faults (e.g., Flood et al., 2009). However, there are
also incidences where circular structures are replaced by near linear seafloor expressions (Lofi et al.,
2011b). The strong acoustic similarities between the previously-reported fluid escape structures and
the associated mud venting and diapirism (Woodside et al., 2002) and those imaged in the seismic
reflection profiles from the Florence Rise sector of the study area (e.g., Figs. 5.37, 5.38) suggest that
some of the inversion-related structures may also involve varying amounts of fluid escape and mud
diapirism. Fluids are present in underconsolidated sediments beneath and within Unit 2, arising from
the conversion of gypsum to anhydrite and/or as an expulsion product of the intercalated siliciclastics
during the early diagenesis. These fluids escape from beneath and within mobile Unit 2 and create
mud volcanoes or dissolution craters. For example, the prominent diapir-like structures imaged in
the seismic reflection profiles are developed within the lower sub-units 2d and 2¢ of the Messinian
evaporite successions (Fig. 5.38). The notably acoustically stratified seismic facies define the core of
these diapirs. However, beneath these structures the N-reflector is nearly flat and is disharmoniously
folded relative to the core of the diapirs, suggesting that the siliciclastic-rich evaporites of the lower
two sub-units became mobilized during the uppermost Messinian—Quaternary.

Across the southeastern sector of the Florence Rise a major mud volcano is identified in previous
studies (Woodside et al., 2002). This structure, known as Texel mud volcano and it feeder channel
across the pre-Messinian Miocene successions of Unit 3 are clearly imaged in the industry seismic

reflection profiles (Fig. 5.8). However, high-resolution multichannel seismic reflection profiles fur-
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Figure 5.35: Multibeam bathymetry of the eastern segment of the Florence Rise. The multibeam bathymetry
are from the 100 M-resolution ANAXIPROBE 95 data (Woodside, 1995) for the Anaximander Mountains and
Rhodes Basin and the 500 M—resolution EMODnet (European Marine Observation and Data Network, Portal
for Bathymetry, http://www.emodnet-hydrography.eu/) data for the southern Antalya Basin and Florence Rise.

Location is shown in Figure 5.2.
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Figure 5.36: High-resolution multi-channel seismic reflection profile U showing the development of small-scale inversion structures along the northern

foothills of the Florence Rise. Note the occurrence of a mid-Unit 1 unconformity. Location is shown in Figure 5.20. EMEDI10 (fix 2122-2142)
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Figure 5.37: High-resolution multi-channel seismic reflection profile O showing the development of small-scale inversion structures along the northern

foothills of the Florence Rise. Note the occurrence of a mid-Unit 1 unconformity. Location is shown in Figure 5.20. EMED10 (fix 1849-1869)
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Figure 5.38: High-resolution multi-channel seismic reflection profile N showing the development of small-scale inversion structures along the northern

foothills of the Florence Rise. Note the occurrence of a mid-Unit 1 unconformity. Location is shown in Figure 5.20. EMEDO7 (fix 636-656)



ther illustrate that the core of this structure is also extensively cut by several bi-vergent thrust faults

(Figs. 5.20, 5.39).

(E) Positive flower structures

Farther to the north, across the southernmost Antalya Basin seismic reflection profiles display some
of the most spectacular examples of positive flower structures (Figs. 5.39, 5.40). Here, a bundle of
strong and laterally continuous mid-Unit 1 reflectors allow the clear delineation of footwall and hang-
ing wall cutoffs. The seismic data reveal the presence of at least two oppositely-verging thrusts that
rise from a common stem, associated with several smaller thrusts. The tip points of these thrusts lie
immediately below the depositional base, but the faults clearly affect the seafloor (Figs. 5.40, 5.41).
Some of the faults that bound the positive flower structures have listric trajectories and sole deep
within the Messinian successions of Unit 2, suggesting that these structures must have developed
by the reactivation of the pre-existing Messinian and/or pre-Messinian Miocene structures. Growth
strata observed in the upper portion of the uppermost Messinian—Quaternary successions of Unit 1
suggest that these structures developed during the Pliocene—Quaternary. Unfortunately there is no
multibeam image in this portion of the Antalya Basin, therefore the seafloor expression of the troughs
and ridges created by these positive flower structures cannot be accurately mapped.

The positive flower structures resemble in their internal architecture and seafloor geometries to
the salt cored fold belt described above. The evaporite successions of Unit 2 have also penetrated into
the core of the positive flower structures; however, they remained low within the structures, unlike

the salt cored fold belt where the evaporites penetrated quite high within the core of the structures.

5.2.4 Summary

The most important unresolved scientific issue of the northeastern sector of the eastern Mediter-

ranean is the adequate delineation of the morpho-tectonic architecture and the structural framework
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Figure 5.39: High-resolution multi-channel seismic reflection profile § showing the development of positive flower structures along the northern foothills
of the Florence Rise. Note the highly reflective and laterally continuous bundle which allows the delineation of footwall and hanging wall cutoffs. Location

is shown in Figure 5.20. EMEDI10 (fix 1976-1996)
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Figure 5.40: High-resolution multi-channel seismic reflection profile I showing the development of positive flower structures along the northern foothills

of the Florence Rise. Note the highly reflective and laterally continuous bundle which allows the delineation of footwall and hanging wall cutoffs. Location

is shown in Figure 5.20. EMED10 (fix 1949-1969)
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Figure 5.41: High-resolution multi-channel seismic reflection profile G showing the Texel mud volcano and the development of positive flower structures

along the Florence Rise. Location is shown in Figure 5.20. EMED10 (fix 2056-2076)



of the Antalya Basin and the Florence Rise, so that the role of these crustal-scale structures can be
understood within the Miocene—Recent tectonic evolution of the greater Cyprus Arc. There are sev-
eral specific questions in this area, for example, (i) is subduction still taking place across the Florence
Rise segment of the Cyprus Arc? (ii) how is the collision between the Eratosthenes Seamount and
the Island of Cyprus reflected in the structural architecture of the Florence Rise? (iii) how is the
kinematic switch from a pervasive collision between the African and Eurasian plates in the Miocene
to the escape tectonics and block rotations in the Pliocene-Quaternary reflected in the architecture
of the Pliocene—Quaternary successions across the Florence Rise and Antalya Basin? (iv) how are
the Florence Rise structures linked with the Hellenic Arc across the Anaximander Mountains in the
northwest? These critical questions are addressed in this chapter where very detailed descriptions
of the Miocene and Pliocene—Quaternary structures as well as the detailed seismic stratigraphic ar-
chitecture of these deposits have been made. For example, , this study documented that the Miocene
successions exhibit contractional deformation in the entire area studied, but that the amplitude of
strain and its character is clearly spatially partitioned during the Pliocene—Quaternary into discrete
morpho-tectonic domains across the Florence Rise and Antalya Basin. This study unequivocally
documented the tectonic linkages between the Anaxagoras Mountain and the Florence Rise indi-
cating that Anaxagoras has been deformed like Florence Rise but is more intensely strained and
confirmed that the Anaximander Mountains define a critical junction between the greater Cyprus
Arc in the east and the Hellenic Arc in the west, by terminating the contractional WNW-ESE struc-
tures of the Florence Rise against the NE-SW structures associated with the margins of the STEP
zone separating the Cyprus Arc from the Hellenic Arc. The full discussion of these structures and

their regional significance is made in Chapter 6.
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Chapter 6

TEcTONIC AND KINEMATIC EVOLUTION —

DiscussION

This Chapter provides a regional tectonic synthesis. All previous work on the Miocene—Recent
tectonic evolution of the eastern Mediterranean was done in small isolated regions, which provided a
“postage stamp-like” maps and the associated local evolutionary history within the backdrop of a very
complex incipient orogenesis that is occurring across the eastern Mediterranean. It is clear that the
complete tectonic picture could only be presented if the entire eastern Mediterranean is examined in
a set of regional maps. This thesis (in this Chapter) presents for the first time several critical tectonic
maps which are compiled using authors mapping as well as data and maps from previous studies that
encompass the entire eastern Mediterranean region. These maps in turn, allowed a holistic tectonic
interpretation and discussion to be made in three time intervals: pre-Messinian Miocene, Messinian
and Pliocene—Quaternary. Results from these compiled mapping and interpretation suggest that there
was a single large basin across the eastern Mediterranean during the Early—Middle Miocene. This
ancestral early Miocene basin was split into several depocenters by the development of prominent

three fold-thrust belts which delineate a 300-350 km wide deformation zone extending from the
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Central Taurus Mountains to the African—Eurasian plate boundary during the Late Miocene. Most
specifically the third arcuate fold-thrust belt of this deformation zone extends from the Ba&r Bassit
region of western Syria, across the Cyprus Arc, linking with the Florence Rise. This fold-thrust belt
may further extend into the Antalya Complex of southwestern Turkey, or link with the Anaximander

Mountains. This is the important contribution of this thesis.

Introduction

The eastern Mediterranean includes the last vestiges of the southern branch of the once very promi-
nent Neo-Tethys Ocean that existed between Africa and Eurasia. The sustained consumption of the
Neo-Tethys oceanic lithosphere beneath the Eurasian Plate since the Eocene and the collision and
accretion of various continental fragments and terranes, such as the Mamonia Complex, the Heca-
teus Ridge, and the Eratosthenes Seamount rendered the present-day oblique collisional geometry
observed in the eastern Mediterranean Region. The present-day boundary between the African Plate
and the overriding Aegean-Anatolian Microplate can be drawn based on the position of the edge of
the overriding lithosphere or based on the position associated with the deformation over the down-
going lithosphere (Fig. 6.1). However, regardless of how one defines the plate boundary, the region
south of it clearly represent the passive margin successions developed over the continental edges of
the African Plate. The successions that are developed north of the boundary between the African
Plate and the Aegean-Anatolian Microplate show the typical predominantly contractional deforma-
tion associated with a collisional margin. In this context, Figure 6.1b is a better representation of
the limit of contractional deformation. The volcanic arc associated with the Cyprus Arc lies within
central Anatolia, whereas that associated with the Hellenic Arc is situated in central Aegean Sea
(Fig. 6.1). Therefore, the region between the volcanic arc(s) and the southern plate boundary of the
Aegean-Anatolian Microplate is best described as the forearc region of the evolving orogen.

Any attempt to evaluate the detailed Miocene structural evolution of the eastern Mediterranean
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Figure 6.1: Simplified tectonic map of the eastern Mediterranean region showing the prominent fault zones
(thin red lines), plate boundaries and the triple junctions (small white circles). Across the southwestern por-
tion of the Aegean-Anatolian Microplate the thick gold dashed line shows the position of the plate bound-
ary based on the location of the hard overriding lithosphere (from Aksu et al., 2009), whereas the thick red
line shows the plate boundary defined by the deformation above the down-going African lithospheric slab.
Note the considerable southward shift of the plate boundary south of Hellenic Arc. The topography is com-
piled using GeoMapApp (Ryan et al., 2009), and shaded using Global Mapper. The multibeam bathymetry
from the high-resolution EMODnet (European Marine Observation and Data Network, Portal for Bathymetry,
http://www.emodnet-hydrography.eu/). The coastline is taken from the International Bathymetric Charts of
the Mediterranean (IOC, 1981). Pink inset = study area, half arrows = transform/strike-slip faults (modified

from Aksu et al., 2009).
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region requires the compilation and evaluation of the detailed pre-latest Messinian Miocene field
studies and data from several critical regions, such the Bitlis—Zagros suture, the Kyrenia Mountains,
the Mamonia Complex and southern Taurus Mountains onland, and the Adana, Cilicia, Latakia, Isk-
enderun and Cyprus basins in the marine areas. In addition, palinspastic restorations are needed
across several, if not all these areas so that the Miocene geometry of the collisional margin can be
delineated. These are clearly beyond the scope of this present study. Therefore, the following discus-
sion is mainly focused on the evolution of the eastern Mediterranean region since the latest Miocene.

However, a synoptic discussion of the pre-Messinian Miocene and Messinian is also presented.

6.1 Pre-Messinian Miocene structural evolution of eastern Mediter-

ranean

The pre-Messinian Miocene structural architecture of the eastern Mediterranean region is controlled
by the pervasive convergence between the African and Eurasian plates, associated with the closure
of the Neotethys Ocean. Various previous studies documented the development of a large, broadly
east—west-oriented foredeep in front of the evolving arcuate Tauride fold—thrust belt in the eastern
Mediterranean (Williams et al., 1995, Aksu et al., 2009, Hall et al., 2009). For example, remarkable
depositional similarities of the marine Aquitanian—Tortonian successions in the onland Mut and
Adana basins (Eris et al., 2005; Safak et al., 2005), Aksu, Kopriicay and Manavgat basins (Poisson
et al., 2003a,b; Deynoux et al., 2005; Karabiyikoglu et al., 2005), the Mesaoria Basin of central
Cyprus (Robertson and Woodcock, 1986), the Misis Mountains of southern Turkey (Gokgen et al.,
1988) and the Kyrenia Range (Calon et al., 2005a,b), the Aksu Thrust (Poisson et al., 2003a,b), as
well as the marine Cilicia, Iskenderun, Antalya and Finike basins (Figs. 1.1, 1.4; Uffenorde et al.,
1990; Aksu et al., 2005a,b, 2009, 2014c; Isler et al., 2005) strongly suggest that there was a single

large basin across the eastern Mediterranean during the Early-Middle Miocene. This large ancestral
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foredeep basin probably extended from the Karsant1 and Maras basins in the east (Calon et al., 2005a;
Hall et al., 2005a; Ilgar and Nemec, 2005; Satur et al., 2005; Hiising et al., 2009) into the Antalya and
Kasaba basins in the west (Isler et al., 2005; Ciner et al., 2008). The region south of the foredeep
must have been situated over the northern fringes of the African Plate. This is clearly visible on
the pre-Messinian Miocene tectonic map of the eastern Mediterranean, where the style of tectonism
is markedly different from that seen across the forearc region (Figs. 6.2, 6.3). While the present-
day Nile cone is characterized by two sets of extensional faults that cut one another in an orthogonal
fashion (e.g., Abd-Allah et al., 2012), the forearc region is characterized by several internally parallel
fold-thrust belts (Figs. 6.2, 6.3). For example, a prominent fold-thrust belt extends from the Misis
Mountains of southern Turkey across the Cilicia-Latakia basins into the Kyrenia Range of northern
Cyprus. This broad predominantly mid- to late-Miocene structure is known as the Misis-Kyrenia
fold-thrust belt (Calon et al., 2005a, Hall et al., 2005a). This belt farther extends into the Antalya
Basin and then linking the Aksu thrust, located within the apex of the Isparta Angle (Poisson et al.,
2003a,b, Calon et al., 2005b, Isler et al., 2005, Hall et al., 2014a), delineating a >700 km long arcuate
fold-thrust belt, referred to as the Misis—Kyrenia—Aksu fold-thrust belt (Figs. 6.2, 6.3). Similarly, a
prominent fold-thrust belt occurs across the Amanos Mountains of southern Turkey where it carries
the Hatay—Kizildag ophiolites. The belt extends across the Latakia Basin and links with the Yerasa
fold-thrust belt of southern Cyprus, which carries the Troodos ophiolites, including the Paralimni
mélange (Calon et al., 2005a,b, Hall et al., 2005a,b). This belt further extends into the southern
Antalya Basin and links with the Antalya Complex of southwestern Turkey (Figs. 6.2, 6.3). This
>700 km long structure is informally referred to as the Kizildag Troodos—Antalya fold-thrust belt,
which runs remarkably parallel to the Misis—Kyrenia—Aksu fold-thrust belt. A third arcuate fold-
thrust belt extends from the Baér Bassit region of western Syria, across the Cyprus Arc, linking with
the Florence Rise (Figs. 6.2, 6.3). This fold-thrust belt may further extend into the Antalya Complex

of southwestern Turkey, or link with the Anaximander Mountains.
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Figure 6.2: Pre-Messinian Miocene tectonic map of the eastern Mediterranean. Map is compiled by Aksu
using data from (a) Florence Rise (Giines, this thesis); (b) Rhodes and Finike basins, Anaximander Mountains
(Hall et al., 2009, Aksu et al., 2009, Cranshaw, 2010, Barnes, 2015), (c¢) Adana, Cilicia, Latakia, Iskenderun
basins (Aksu et al., 2005, 2014a,b, Hall et al., 2005a,b, Walsh-Kennedy et al., 2014), (d) offshore Israel,
offshore Lebanon, Levantine Basin (Carton et al., 2009, Gvirtzman et al., 2010), (e) Eratosthenes Seamount,
Herodotus Basin (Montadert et al., 2010, Skiple et al., 2012), (f) offshore Syria (Bowmann 2011), and (g) Nile
delta (Mascle et al., 2000, Abd-Allah et al., 2012). The coastline is from the International Bathymetric Charts
of the Mediterranean (IOC, 1981). Brown lines = thrust faults with triangle ticks on hanging wall, red lines
= normal faults with rectangular ticks on hanging wall, green lines = strike slip faults with purple half arrows

showing slip direction, green fill = ophiolites.
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Figure 6.3: Pre-Messinian Miocene map of the eastern Mediterranean showing the African Plate and the
Arabian and Aegean-Anatolian microplates, simplified from Figure 6.2. Various fault zones are drawn: pur-

ple= strike-slip, blue= contractional, red= extensional with strike slip component. The coastline is from the

International Bathymetric Charts of the Mediterranean (IOC, 1981).
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The three prominent fold-thrust belts delineate a 300-350 km wide deformation zone extending
from the Central Taurus Mountains to the African—Eurasian plate boundary. The ancestral early
Miocene basin was split into several depocenters by the development of fold-thrust belts during the

Late Miocene.

6.2 Messinian structural evolution of eastern Mediterranean

During the Messinian, the pervasive contractional tectonic activity notably diminished across the en-
tire forearc portion of the eastern Mediterranean (Fig. 6.4; Aksu et al., 2005a,b, 2009, 2014a—c, Hall
et al., 2005a,b, 2009, 2014a,b, Calon et al., 2005a,b). The present study also documented a marked
decrease in tectonic activity during the deposition of the Messinian successions of Unit 2 (§ Chap-
ter 5). The sparse data compiled from the northern margin of the African Plate show that there was
little change in the style and intensity of the tectonic activity across the passive continental margin
succession of the present-day Nile cone and the Levantine Basin (Fig. 6.4). The marked slowdown
of the intensity of tectonism is ascribed to the incipient collision of the Arabian Microplate with
the Eurasian Plate during the Late Miocene. The subsequent full-scale collision and suturing of the
Arabian Microplate with the south-central portion of the Eurasian Plate initiated the development of

the new Aegean-Anatolian Microplate, and its west-directed escape during the Pliocene—Quaternary.

6.3 Latest Messinian—Recent structural architecture of the eastern Mediter-

ranean

6.3.1 Southern forearc region — Aegean—Anatolian Microplate

A compilation of tectonic elements across the eastern Mediterranean region shows that the south-

ern sector of the eastern Mediterranean including the Nile delta has a distinctly different tectonic
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Figure 6.4: Messinian tectonic map of the eastern Mediterranean. Map is compiled by Aksu using data
from (a) Florence Rise (Giines, this thesis); (b) Rhodes and Finike basins, Anaximander Mountains (Hall et
al., 2009, Aksu et al., 2009, Cranshaw, 2010, Barnes, 2015), (c¢) Adana, Cilicia, Latakia, Iskenderun basins
(Aksu et al., 2005, 2014a,b, Hall et al., 2005a,b, Walsh-Kennedy et al., 2014), (d) offshore Israel, offshore
Lebanon, Levantine Basin (Carton et al., 2009, Gvirtzman et al., 2010), (e) Eratosthenes Seamount, Herodotus
Basin (Montadert et al., 2010, Skiple et al., 2012), (f) offshore Syria (Bowmann 2011), and (g) Nile delta
(Mascle et al., 2000, Abd-Allah et al., 2012). The coastline is from the International Bathymetric Charts of
the Mediterranean (IOC, 1981). Brown lines = thrust faults with triangle ticks on hanging wall, red lines =
normal faults with rectangular ticks on hanging wall, green lines = strike slip faults with purple half arrows

showing slip direction.
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architecture, dominated by large oblique faults with both normal and strike slip components, from
that of the northern sector where the tectonic architecture is largely dominated by prominent thrusts
with some strike slip components (Fig. 6.5). A prominent broadly northeast-southwest striking and
southeast-verging thrust (informally referred to as the Herodotus thrust) delineates the boundary be-
tween the southern and northern sectors, defining the southern margin of the Herodotus Basin and
extending to the Eratosthenes Seamount (Montadert et al., 2010, Skiple et al., 2012). Farther east-
northeast the Herodotus thrust appears to merge with the eastern segment Cyprus Arc, which notably
curves toward the northeast (Fig. 6.5). To the east, the Dead Sea Fault zone emerges as a prominent
structural element, consisting of several fault segments all of which invariably exhibit sinistral strike
slip (Fig. 6.5; Gomez et al., 2007, Ferry et al., 2011, Karabacak and Altunel, 2013). Thus, solely
based on the upper crustal deformation, the boundary between the Aegean-Anatolian Microplate and
the African plate is delineated by the Herodotus fault zone and the eastern sector of the Cyprus Arc,
(or the Tartus—Baér Bassit fault zone), whereas the boundary between the Arabian Microplate and
the African Plate is delineated by the Dead Sea Fault zone (Fig. 6.6).

The forearc region of the Cyprus Arc is characterized by a series of internally parallel concave to
the south arcuate fault zones (Figs. 6.5, 6.6). From north to south these are: (a) the Kozan—Anamur-
Siliftke—Kirkkavak fault zone, (b) Misis—Kyrenia—Aksu fault zone, (c) the Anamos—Larnaka—Troodos—Antalya
fault zone, (d) Tartus—Baér Bassit—Florence Rise—Anaxagoras fault zone and (e) the Herodotus fault
zone. The forearc region of the Hellenic Arc resides outside the study area, with the exception of the
northeastern segment of the arc, where two broadly parallel zones occur: (f) Pliny-Strabo-Burdur-
Fethiye fault zone and (g) Sirr1 Ering shear zone. The seafloor morphology map clearly shows the
belts, particularly in regions where detailed multibeam bathymetry exits (Fig. 6.7). These zones,
briefly described below, delineate the deformation associated with the greater Cyprus Arc and the
northeastern segment of the Hellenic Arc, which extends northward more than 250-350 km from

the boundary between the Aegean-Anatolian Microplate and the African Plate (Fig. 6.6).
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Figure 6.5: Uppermost Messinian—Recent tectonic map of the eastern Mediterranean. Map is compiled by
Aksu using data from (a) Florence Rise (Giines, this thesis); (b) Rhodes and Finike basins, Anaximander
Mountains (Hall et al., 2009, Aksu et al., 2009, Cranshaw, 2010, Barnes, 2015), (¢) Adana, Cilicia, Latakia,
Iskenderun basins (Aksu et al., 2005, 2014a,b, Hall et al., 2005a,b, Walsh-Kennedy et al., 2014), (d) offshore
Israel, offshore Lebanon, Levantine Basin (Carton et al., 2009, Gvirtzman et al., 2010, Gardosh et al., 2008b),
(e) Eratosthenes Seamount, Herodotus Basin (Montadert et al., 2010, Skiple et al., 2012), (f) offshore Syria
(Bowmann 2011), and (g) Nile delta (Mascle et al., 2000, Abd-Allah et al., 2012). The coastline is from the
International Bathymetric Charts of the Mediterranean (IOC, 1981). Brown lines = thrust faults with triangle
ticks on hanging wall, red lines = normal faults with rectangular ticks on hanging wall, green lines = strike
slip faults with purple half arrows showing slip direction, green fill = ophiolites. This figure is also shown as

a foldout in Appendix 1.
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Figure 6.6: Uppermost Messinian—Recent tectonic map of the eastern Mediterranean. Map showing the
African Plate and the Arabian and Aegean-Anatolian microplates, simplified from Figure 6.5. Various fault
zones are drawn: purple= strike-slip, blue= contractional with strike slip component, red= extensional with
strike slip component. The coastline is from the International Bathymetric Charts of the Mediterranean (I0C,

1981).
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Figure 6.7: Map of the eastern Mediterranean showing the morphology of the seafloor. The multi-
beam bathymetry is superimposed on the International Bathymetric Charts of the Mediterranean (from
the high-resolution EMODnet, European Marine Observation and Data Network, Portal for Bathymetry,
http://www.emodnet-hydrography.eu/). The coastline is taken from the International Bathymetric Charts of

the Mediterranean (IOC, 1981).
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(a) Kozan-Anamur-Silifke—Kirkkavak fault zone

The Kozan—Anamur-Silifke—Kirkkavak fault zone is composed of several discrete segments: the
Kozan fault zone in the east, the Kirkkavak fault zone in the west and the Silifke fault zone that
connects these two systems across the northern margin of the Outer Cilicia Basin (Fig. 6.6). The
Kozan fault zone has been extensively studied in the onland portion of the zone across the north-
western Adana Basin (e.g., Burton-Ferguson et al., 2005) as well as the marine portion across the
northwestern Cilicia Basin (e.g., Aksu et al., 2005, 2014a,b, Walsh-Kennedy et al., 2014). In these
regions the Kozan fault zone defines a ~300 km long and 15-20 km-wide “lazy-S” shaped struc-
ture along the southeastern fringes of the Taurus Mountain and along the northwestern margins of
the Cilicia and Adana basins (Fig. 6.5). The zone is described as an arcuate structure consisting of
several east-northeast—west-southwest and north-northeast south-southwest striking, closely-spaced
relatively high-angle oblique faults with both normal dip slip and sinistral strike slip. In the marine
Cilicia Basin the zone consists of several relatively high-angle faults which exhibit small normal-
sense dip separations on the M-reflector and have tip points situated mainly in the lower and middle
portion of the Pliocene—Quaternary successions (Aksu et al., 2005, 2014a,b, Walsh-Kennedy et al.,
2014). In the onland Adana Basin the Kozan fault zone is defined by northeast-striking and south-
east dipping extensional faults which occur along the western and northwestern margin of the basin
(Burton-Ferguson et al., 2005). These faults cut down with relatively steep dip into the ~700 ms
thick Tortonian and older Miocene successions.

The Anamur-Silifke fault zone is developed along the northern margin of the Outer Cilicia Basin
(Aksu et al., 2005, 2014b). The structural architecture of this region is delineated by a prominent
20-25 km wide zone of faults which show significant normal-sense dip separations (Fig. 6.5). Across
the Outer Cilicia Basin, this fault system has an east—west strike, but traced toward the Inner Cilicia
Basin, the fault zone progressively swings to assume a northeast—southwest strike, linking with the

Kozan fault zone (Aksu et al., 2014b). In the Outer Cilicia Basin the Anamur-Silifke fault zone is
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characterized by several relatively steeply dipping faults which show their main expression across
the M-reflector where they create 25—150 ms offsets with normal-sense dip separations. These faults
also cut the lower portion of the Pliocene—Quaternary succession of Unit 1, and extend into the pre-
Messinian Miocene successions of Unit 3. In the deeper water regions in the Outer Cilicia Basin, the
faults commonly extend into the middle portion of the Pliocene—Quaternary succession where they
create small horst—graben structures. Aksu et al. (2014b) documented during the Late Pliocene, the
Kozan fault zone propagated toward the southwest creating a restraining bend in the Cilicia Basin,
and a new east—west oriented strike-slip fault (i.e., Anamur-Silifke Fault) in the Outer Cilicia Basin
(Figs. 6.5, 6.6).

The Kirkkavak fault zone is originally described onland by Dumond and Kerey (1975), as a ma-
jor Pliocene-Quaternary lineament east of the onland Aksu Thrust (Fig. 6.5). It is described as a
broadly north-south striking dextral slip system with a predominantly east-verging reverse compo-
nent (Yagmurlu et al., 1997, Piper et al., 2006, Monod et al., 2006, Toprak et al., 2009, Meijers et
al., 2010). The Kirkkavak fault zone can be readily traced southward, but becomes buried before
reaching the present-day shoreline (Fig. 6.5). Ciner et al. (2008) document that the Kirkkavak fault
zone has been reactivated during the Pliocene—Quaternary as a prominent dextral strike slip fault.
The Pliocene—Quaternary structural architecture of the northern and northeastern portions of the
marine Antalya Basin is characterized by a prominent family of broadly arcuate northwest-southeast
striking and predominantly southwest dipping extensional faults (Fig. 6.5; Isler et al., 2005; Hall et
al., 2014b). These faults define a prominent zone that extends toward the shoreline with a remark-
ably similar orientation to the onland Kirkkavak fault zone (Hall et al., 2014a). Isler et al. (2005)
first mapped these extensional faults, and also documented that these faults exhibit an important
strike slip component. These authors suggested that this extensional fan developed on the trailing
portion of the thrusts that are correlated with the Aksu fault zone (also discussed later). The position

and orientation of these faults immediately southeast of the onland Kirkkavak fault zone provide a
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more compelling correlation with the onland Kirkkavak fault zone, which then extends toward the

southeast and possibly linking with the Amanos-Silifke fault zone.

(b) Misis—Kyrenia—-Aksu fault zone

Three prominent, northeast-southwest striking and southeast verging internally parallel thrust faults
delineated the onland Misis Mountains: the Misis, Aslantas and Yumurtalik faults (Figs. 6.5, 6.6;
Kelling et al., 1987, Kozlu, 1987, Karig and Kozlu, 1990). These thrusts, which are often collectively
referred to as the Misis fold-thrust belt, developed during the middle-late Miocene and delineated a
fold-thrust belt extending from the Kyrenia Range of northern Cyprus toward the Misis Mountains
of southern Turkey. During the Pliocene—Quaternary the leading thrust panels of the fold-thrust belt
became reactivated as a sinistral strike slip system as part of the horse-tail-like splays from the East
Anatolian Fault zone (Kelling et al., 1987, Kozlu, 1987, Karig and Kozlu, 1990). The Yumurtalik
fault defines the northwestern margin of the marine Iskenderun Basin.

A prominent arcuate 3—8 km wide bathymetric high, extending from the southern tip of the Mi-
sis Mountains to the northeastern tip of the Kyrenia Range separates the marine Cilicia and Latakia
basins (Figs. 6.5, 6.6; Aksu et al., 2005a, Hall et al., 2005a, Calon et al., 2005a,b). This bathymet-
ric high is developed near the crest of a 30-40 km wide pre-Messinian basement high, interpreted
as the erosional remnant of a late Miocene (Tortonian), southeast-verging fold—thrust belt (Aksu et
al., 2005a, Hall et al., 2005a, Calon et al., 2005a). The narrow bathymetric high is the expression
of the basin bounding fault system developed during the Pliocene—Recent, and is referred to as the
Misis—Kyrenia central horst block, developed as the result of northeast-southwest trending and north-
west and southeast dipping faults across the structure (Aksu et al., 2005a, Hall et al., 2005a). The
architecture of the middle—late Miocene strata in the Inner Cilicia and Adana basins (Aksu et al.,
2005a, Burton-Ferguson et al., 2005), shows that the fold—thrust activity initiated in the Serraval-

lian—Tortonian for the Misis segment belt. Thick wedges of Tortonian fluvio-deltaic strata represent
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the unconformable fill of a piggy-back basin that evolved on the western backlimb of the thrust cul-
mination, whereas Tortonian strata are involved in the thrust structures along the eastern front of the
culmination (Kelling et al., 1987; Hall et al., 2005). In the Inner Cilicia Basin, the dramatic thick-
ening of the Tortonian wedge toward the west suggests that the Miocene depocentre originated as a
foredeep in front of the Tauride culmination. The Misis—Kyrenia culmination evolved into an emer-
gent structure during the Tortonian to Messinian interval (Calon et al., 2005a,b). This is indicated
in the Misis segment by the predominantly terrestrial lithofacies of the Tortonian succession and the
erosional truncation of fold structures in the sub-Tortonian strata within the culmination. Messinian
evaporites were deposited in two parallel trending depocentres (Cilicia and Latakia basins) separated
by the eroding crest of the culmination, which clearly defined a latest Miocene paleohigh.

The Kyrenia fold/thrust belt defines the core of the Kyrenia Range in northern Cyprus. It is
interpreted as a S-verging linked thrust system in the form of a trailing imbricate fan with largest
displacements concentrated in the northern portion of the fold-thrust belt (Calon et al., 2005a,b).
The fan is deeply rooted in the early-mid Tertiary units of the northern and central zones and its
sole may penetrate the ophiolitic basement beneath the northern zone as indicated by the occurrence
of small serpentinite slivers in thrust sheets exposed on the Karpas Peninsula. Toward the foreland
the sole thrust of the fan has climbed to the base of the Miocene successions and the front of the
fan is formed by detached fold/thrust structures restricted to the Miocene succession in the Outer
Latakia Basin. The present-day structural framework of the Kyrenia Range is characterized by an
imbricate fold—thrust system consisting of four major thrust panels: the northernmost Orga thrust,
the central Kythrea and Ovgos thrusts and the southern Mesaoria thrust (e.g., Calon et al., 2005b).
The Orga Fault defines a major north-dipping, south-verging fold—thrust structure that forms the
spine of the Kyrenia Range, while the Kythrea and Ovgos Faults also define south-verging imbricate
fold—thrust systems and form the central zone of the Kyrenia Range (Fig. 6.5). The Mesaoria Fault

is interpreted by Calon et al. (2005b) as the leading splay of this imbricate fan system. These four
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prominent thrust culminations and three major synclines that occur across the Kyrenia Range have
been correlated with the structures across the Latakia Basin (Calon et al., 2005a) and the Antalya
Basin (Calon et al., 2005b). For example, the Mirtou-Vasili and Aspromouti-Tricomo synclines are
readily traced across the Kyrenia Range by Calon et al. (2014b) as large piggy-back basins carried
on the back of the Kythrea and Ovgos thrusts, respectively. In the northwestern Latakia Basin, these
synclines are correlated with the large synclines developed along the leading thrust panels of the
Misis-Kyrenia fold-thrust belt above prominent thrusts which are linked with the onland Kythrea
and Ovgos thrusts (Calon et al., 2014a,b). Similarly, in the east, the Mesaoria Basin is delineated as
also a piggy-back basin carried on the backlimb of the Mesaoria Fault and its eastern extension into
the outer Latakia Basin. The Mesaoria Basin is thus correlated with central axis of the Outer Latakia
Basin. In the easternmost Antalya Basin, the prominent thrust Ta+f is delineated as the western
continuation of the Mesaoria Fault (Calon et al., 2005a,b).

The Kormakiti Ridge defines the northwestern onland termination of the Kyrenia Range: how-
ever, the ridge farther continues as a prominent submarine structure into the Antalya Basin (Isler et
al., 2005; Calon et al., 2005b). Isler et al. (2005) showed that the structural architecture of the inner
portion of the Antalya Basin is characterized by three prominent broadly northwest-southeast striking
and southwest verging thrusts (Fig. 6.5). Several smaller parasitic thrusts associated with each major
thrust define three internally parallel fault zones (Fig. 6.6). The three large thrust sheets (labeled as
T1, T2 and T3 by Isler et al., 2005) can be readily traced towards the eastern Antalya Basin. Isler
et al. (2005) used the similarities in the strike and stratigraphic architecture of the thrusts mapped
within the Antalya Basin and those described across the western Kyrenia Range and its immediate
extension into the easternmost Antalya Basin to correlate the three northernmost prominent thrust
panels of the imbricate fold—thrust system in the Antalya Basin, T1, T2 and T3 with the Orga, Kythrea
and Ovgos faults of Cyprus, respectively (Figs. 6.5, 6.6).

Across the northwestern sector of the Antalya Basin, Hall et al. (2014a) mapped a prominent
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arcuate northwest-southeast striking and predominantly southwest verging imbricate fold-thrust belt.
They showed that the belt progressively swings and assumes a north-south trend, becoming aligned
with the structures mapped onland which define the eastern limb of the Isparta Angle (e.g., Poisson
et al., 2003a,b). Specifically, the prominent thrusts T1-T3 collectively link with the Aksu thrust
zone within the Isparta Angle (Hall et al., 2014a). Several studies suggested that the onland Aksu
fault zone is a dextral strike-slip system which has overprinted, during the Pliocene—Quaternary, the
large Miocene re-activated thrusts (Barka and Reilinger, 1997; Yagmurlu et al., 1997; Poisson et al.,
2003a,b, 2011; Piper et al., 2006; Ciner et al., 2008; Toprak et al., 2009). These studies imply that

the offshore continuations of these re-activated thrusts must also have a dextral sense of slip.

(c) Anamos—-Larnaka-Troodos—South Antalya fault zone

The Amanos—Larnaka fault zone constitutes the arcuate southeastern margin of the Iskenderun—
Latakia—Mesaoria Basin Complex (Figs. 6.5, 6.6). The lineament exhibits prominent terrestrial re-
lief in both the Amanos and Troodos Mountains. In the marine Latakia Basin, the lineament can be
traced as an arcuate belt extending from the westernmost promontories of the Amanos Mountains
southwest toward eastern Cyprus. The Amanos—Larnaka fault zone represents one of two prominent
late Cretaceous—Miocene fold-thrust belts (the other is Tartus—Baé&r Bassit fault zone, discussed be-
low) which are responsible for the emplacement of the ophiolitic bodies in the eastern Mediterranean
(Dilek and Moores, 1990). The lineament depicts the leading edge of the thrust system which carries
the Hatay and Kizildag ophiolite complexes and their Paleozoic—Mesozoic basement in the Amanos
Mountains and at least in part the Troodos ophiolite complex in Cyprus (Pigkin et al., 1984; Dean et
al., 1986; Gass et al., 1994).

The Amanos fault zone is a prominent north-northeast—south-southwest to northeast—southwest
striking transcurrent fault, which delineates the eastern margin of the Amanos Mountains of south-

central Turkey (Figs. 6.5, 6.6, Peringek et al., 1987; Perincek and Eren, 1990). This fault zone is
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one of the main strands of the East Anatolian Fault zone and links the latter with the Dead Sea Fault
zone (Peringek et al., 1987). The Asi Graben (Fig. 6.5) is situated between the Amanos fault zone
in the west and the western strand of the Dead Sea Transform Fault in the east (Giinay, 1984). In
the north, the Asi Graben is a 15-25 km-wide north-northeast—south-southwest trending structure
which is bounded on each side by several high-angle normal faults (Dean et al., 1986). In the south
the graben trends in a northeast—southwest direction and extends toward the Mediterranean shoreline.
In this region the graben is ~5 km-wide and controls the course of the Asi River.

The structural architecture of the marine Latakia Basin is characterized by a prominent northeast-
southwest trending and southeast-verging thrust culmination (Figs. 6.5, 6.6; Hall et al., 2005a). To-
ward the southwest this thrust culmination progressively swings to assume a broadly east-west trend
and south vergence. This basement-cored (possibly ophiolite) structure can be readily traced as
an arcuate belt from the Asi Graben to the Larnaka region of eastern Cyprus, and is referred to
as the Amanos—Larnaka fault zone (Figs. 6.5, 6.6). In the marine areas, there are several north-
east—southwest striking, and east-dipping faults with normal-sense dip-slip immediately seaward of
the Asi Graben (Hall et al., 2005a). These authors showed that the east—dipping forelimb of the
ophiolite-cored basement culmination is transected by a prominent, 1-3 km-wide relatively high-
angle extensional fault zone, which extends towards the northeast linking with the northeast—southwest
striking, and east-dipping faults.

In southeast Cyprus the Amanos—Larnaka fault zone is defined by a culmination of the Paralimni
Meélange at Cape Greco (Follows and Robertson, 1990), the small inlier of the Troodos ophiolite com-
plex near Athienou (Gass, 1960) and the Miocene fold-thrust belt of the Larnaka region (Figs. 6.5,
6.6; Bagnall, 1960). To the west, the fault zone is expressed by the large culmination of the main
Troodos ophiolite complex bounded on its southern margin by the Yerasa fold-thrust belt (Gass et
al., 1994). The Amanos—Larnaka fault zone probably further extends westward into the region of

the Troodos—Mamonia suture zone assemblage (Swarbrick, 1993).

298



In southern Antalya Basin, this thesis study documented the presence of a prominent northwest-
southeast striking, southwest verging prominent thrust, informally referred to as the South Antalya
fault (Figs. 6.5, 6.6). This zone extends across the entire width of the southern Antalya Basin aligning
in its southeastern segment with the Troodos culmination. Itis suggested that the Amanos—Larnaka—Troodos
fault zone farther extends toward the northwest linking with the South Antalya fault zone. In keep-
ing with the western segments of the previously described fault zones, it is suggested that the South

Antalya fault zone must also have a dextral strike slip component.

(d) Tartus—Baér Bassit—Florence Rise-Anaxagoras fault zone

The greater Cyprus Arc includes the Anaxagoras Mountain and its southeast continuation (the Flo-
rence Rise) in the west and the Latakia and Tartus ridges in the east with the narrow zone linking
the eastern and western segments of the arc representing the incipient collision between the Eratos-
thenes Seamount and the Island of Cyprus (Figs. 6.5, 6.6). The Cyprus Arc farther continues into
the Baér Bassit complex of western Syria, which represents the other Late Cretaceous to Miocene
fold-thrust belts which is responsible for the emplacements of the ophiolitic bodies in the eastern
Mediterranean (Dilek and Moores, 1990). The structural framework of the ophiolitic complex is
delineated by a series of northeast—southwest-trending northwest-dipping ramp anticlines carried
by large crustal-scale thrust faults which sole in the metamorphic basement (Kazmin and Kulakov,
1968, Al Riyami et al., 2000, 2002). The eastern flank of the leading thrust culmination of the im-
bricate stack is overprinted by the northeast-trending Nahr el Kebir graben that formed during the
Pliocene—Quaternary. Further to the northeast, the Nahr el Kebir graben links with the sinistral Dead
Sea Fault zone (Kazmin and Kulakov, 1968). The large thrust culminations of the Baér Bassit com-
plex can be readily traced toward the southwest into the northeastern segment of the Tartus Ridge
(Figs. 6.5, 6.6). The leading thrust of the ophiolitic complex is correlated with the large Miocene

ramp anticline imaged across the Tartus Ridge (Hall et al., 2005b). This correlation suggests that the
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Tartus Ridge is probably cored by ophiolitic basement. A similar ophiolitic basement culmination
is also inferred for the core of the Amanos—Larnaka culmination further to the north, as described
above (Hall et al., 2005a).

The Tartus Ridge is a large bathymetric high that links the Latakia Ridge to the Baér Bassit
ophiolitic basement high in northwestern Syria. The southwestern segment of the ridge is clearly
imaged in the MUN seismic reflection profiles as a single, very broad and flat-crested structure (Hall
et al., 2005b). Further to the northeast, the northwestern edge of the structure is developed into a
graben with moderately thick Pliocene—Quaternary strata cut by several normal faults. The structural
architecture of the Tartus Ridge is characterized by a series of northeast-southwest striking and both
southeast and northwest verging large thrusts developed within the pre-Messinian Miocene and older
successions (Figs. 6.5, 6.6). Hall et al. (2005b) interpreted the Tartus Ridge as a broad transpressive
pop-up, bounded by oppositely verging backthrust and forethrust situated at the footwall cutoffs of
the M-reflector.

Toward the southwest, the Tartus Ridge transitions into the Latakia Ridge, which is a promi-
nent northeast trending narrow structure, linking the southern sector of the Hecateus Ridge with the
Latakia region of the northern Levantine coast (Figs. 6.5, 6.6). Farther west, the ridge emerges grad-
ually from the lower slope of the Hecataeus Rise. The Latakia Ridge has a distinct morphological
expression on the seabed. The ridge is interpreted as a positive flower structure that developed by
reactivation of the southeast-verging thrust ramp anticline cored by a blind thrust (Hall et al., 2005b).

Farther to the west and northwest, the Florence Rise and its continuation into the Anaxagoras
Mountain defines the western sector of the greater Cyprus Arc. This study documented that the Flo-
rence Rise represents a prominent pre-Messinian Miocene and older fold-thrust belt, which was char-
acterized by several northwest-southeast striking and predominantly southwest verging large thrust
culminations (Figs. 6.5, 6.6; § Chapter 5). During the latest Miocene—Quaternary this fold-thrust

belt experienced transpressional deformation when several northeast verging thrusts developed. The

300



resultant large scale basin inversion across the Florence Rise (sensu stricto) and the numerous pop-
up structures that are developed across the regional structure suggest that the region is transected
by a wrench (§ Chapter 5). This interpretation is consistent with previous studies which also sug-
gested the development of a dextral wrench across the Florence Rise (Zitter et al., 2003; Sellier et

al., 2013a,b).

(e) Herodotus fault zone

There is very little published from this region of the eastern Mediterranean Sea. Sparsely-spaced
industry multichannel profiles show that this zone extends from the leading thrusts of the Florence
Rise toward the south and includes the Mediterranean Ridge (Figs. 6.5, 6.6). The Herodotus fault
zone is characterized by 3—7 large northeast-southwest striking and mainly northwest verging thrusts
which are located immediately northwest of the orthogonal extensional oblique faults of the Nile
delta. The southeastern boundary of the zone is delineated by two prominent northeast-southwest
striking but southeast verging large thrusts (Kopf et al., 2003). The zone defines a 25-60 km wide
arcuate belt that delineates the boundary (based on the upper crustal deformation on the down-going

slab) between the African Plate in the south and the Aegean—Anatolian Microplate in the north.

Summary of fault zones associated with the Cyprus Arc

e The Kozan—Anamur-Silifke—Kirkkavak fault zone forms a arcuate structure immediately south
of the similarly trending central Taurus Mountains of southern Turkey (Fig. 6.6). It is a rela-
tively young structure developed during the Pliocene—Quaternary as a sinistral strike slip along
the Kozan and possibly the Anamur-Silifke sectors of the fault zone, but farther continues to-
ward the northwest as a dextral strike slip along the northeastern Antalya Basin linking with

the onland Kirkkavak fault zone.

e The Misis—Kyrenia—Aksu fault zone defines a prominent orocline that extends the entire width
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of the orogen from the Misis Mountains of southern Turkey to the Kyrenia Range of northern
Cyprus to the eastern limb of the Isparta Angle, paralleling the Kozan—Anamur-Silifke—Kirkkavak
fault zone (Fig. 6.6). The Misis—Kyrenia—Aksu fault zone represents a major fold-thrust belt
which is reactivated during the Pliocene—Quaternary as a sinistral strike slip along the Mi-
sis—Kyrenia segment, but a dextral strike slip along the Aksu—Kyrenia segment, while the

Kyrenia segment remaining contractional.

Similarly, the Amanos-Larnaka-Troodos-Antalya Fault zone also defines a prominent oro-
cline linking the Amanos Mountains of south-central Turkey to the Troodos mountains of
Cyprus via the Amanos-Larnaka-Troodos culmination, then extending farther northwest link-
ing with the Antalya fault zone. The eastern segment of this fault zone also exhibits sinis-
tral strike slip, and the western segment is suggested to display dextral strike slip in keep-
ing with the Kozan—Anamur-Silifke—Kirkkavak, Misis—Kyrenia—Aksu and the Tartus—Baér

Bassit-Florence Rise—Anaxagoras fault zones.

The Tartus—Baér Bassit—Florence Rise—Anaxagoras fault zone defines a prominent arcuate
orocline across the eastern Mediterranean, similar to the above described three oroclines. It
developed as a major fold-thrust belt, which later became overprinted by strike-slip activity
during the Pliocene—Quaternary. Similar to the above-described fault zones, the eastern and
western segments of the Tartus—Baér Bassit—Florence Rise—Anaxagoras fault zone show sinis-
tral and dextral strike slip, respectively. The Tartus—Baér Bassit—Florence Rise—Anaxagoras
fault zone further delineates the hard boundary (based on the overriding slab) between the

African Plate in the south and the Aegean—Anatolian Microplate in the north.

The Herodotus fault zone is a northeast—southwest trending structure terminating along the

western margin of the Eratosthenes Seamount. It represents the Mediterranean Ridge.
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The above literature review and summary clearly show that (a) the forearc region across the
eastern Mediterranean includes 4-5 prominent fault zones, indicating that the deformation asso-
ciated with the African Plate and Aegean—Anatolian Microplate convergence is distributed across
a 250-350 km zone (if the present-day Central Taurus Mountains are also included), (b) the fault
zones are all developed during the Pliocene—Quaternary over the prominent pre-existing Miocene
fold-thrust belt across the region, and (c) the fault zones all display strike slip in addition to con-
traction (and to a lesser extent extension), with the eastern segments of the fault zones invariably
showing sinistral strike slip, whereas the western segments showing dextral strike slip. The fact that
the eastern and western segments of the fault zones respectively have sinistral and dextral strike slip
poses a major kinematic conundrum: any kinematic model dealing with the tectonic evolution of the
eastern Mediterranean must account for the south-directed extrusion of the central Anatolia, while

explaining the west-directed tectonic escape of the Aegean-Anatolian Microplate.

(f) Pliny-Strabo—Burdur—Fethiye fault zone

The Burdur—Fethiye fault zone is a 75-90 km wide northeast-southwest trending structure across
southwestern Turkey (Figs. 6.2, 6.3). It cuts through the eastern area of the Lycian nappes close
to their boundary with the Beydaglar1 para-autochthon to the east (Senel, 1997a,1997b; Senel and
Boliikbagi, 1997). The fault zone lies along the boundary between the Aegean extensional domain
and more stable central Anatolia (Barka and Reilinger, 1997; Dumont et al., 1979). The fault zone
includes many short segment near-vertical northeast—southwest striking faults, showing normal off-
sets, with some showing dextral strike-slip such as those seen in the Cameli Basin (Algicek et al.,
20006). Elitez et al. (2015) showed that there is differential motion across the Burdur—Fethiye fault
zone. For example, these authors documented that close to the Turkish coast, the GPS vectors di-
rected to the southwest vary from 25 mm yr~' on the northwest side of the zone to 13 mm yr—!

on the southeast side of the zone. They argued that the simplest interpretation of this differential
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I across the fault zone. Elitez et al.

motion is that there is a left lateral displacement of 12 mm yr ~
(2015) showed that farther to the northeast, the differential motion across the Burdur—Fethiye fault
zone is 7 mm yr—!, which supports the left lateral displacement decreasing to the northeast. These
authors further indicated that the northeast decrease of the displacement is be expected of a break
in the down-going slab of the African plate as it propagates into the upper Aegean—Anatolian Mi-
croplate. They noted that such motion, if continued over 5 Ma, would give an overall displacement of

a few tens of kilometres, distributed over the 75-90 km width of Burdur—Fethiye fault zone. Finally
they concluded that the strain, distributed over many faults, would only result in small offsets across
individual faults, particularly those seen in younger Quaternary strata.

The pre-Messinian Miocene structural architecture of the Rhodes Basin demonstrates the basin-
wide presence of a prominent northeast—southwest striking and invariably southeast verging fold—thrust
belt (Figs. 6.5, 6.6, Hall et al., 2009, 2014b). The fold-belt is composed of 67 thrust panels, which
are ~3-7 km apart from one another, delineated by asymmetric anticline—syncline pairs, where the
anticlines exhibit long, gently northwest-dipping back limbs and shorter and more steeply southeast-
dipping forelimbs, suggesting that these structures define southeast-verging fold system (Hall et al.,
2009, 2014b). Internally, the core of the ridges are characterized by strongly reflective, generally
gently folded reflectors of Unit 3. Hall et al. (2014b) documented that this fold—thrust belt conspic-
uously extends from the southwestern segment of the Rhodes Basin immediately northeast of the
Pliny—Strabo Trenches toward the Burdur—Fethiye Fault Zone. Hall et al. (2014b) also demonstrated
that the architecture of the Pliocene-Quaternary successions in the Rhodes Basin is characterized by
a series of northeast—southwest trending ridges and their intervening basins, where Miocene thrust
culminations also define Pliocene—Quaternary thrust culminations. These authors used the coinci-
dence of the Miocene and Pliocene—Quaternary fold—thrust structures to suggest that older thrusts

became re-activated during the Pliocene-Quaternary.
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(g) Swrrt Ering shear zone

The Sirr1 Ering Plateau defines a concave-to-the-north zone between the Anaximenes/Anaxagoras
Mountains in the southeast and the Finike Basin and the Anaximander Mountain (sensu stricto) in
the north and northwest (Figs. 6.5, 6.6, Appendix 1, Aksu et al., 2009, Barnes 2015). The zone
is bounded in its north and northeast by a prominent broadly east-west striking, but curvilinear
north-verging thrust that separates the Finike Basin to the north (Figs. 6.5, 6.6, Appendix 1, Aksu
et al., 2009, 2014c, Barnes, 2015). This thrust (TTO) links with a north-south striking and west-
verging thrust (R1) that defines the northwestern margin of the Sirr1 Ering Plateau (Figs. 6.5, 6.6,
Appendix 1). To the west, the north-south striking thrust (R1) in turn links with the broadly east-
west striking and south verging thrust (TT1) that bounds the southern margin of the Anaximander
Mountain (Aksu et al., 2009, Barnes, 2015). This thrust (TT1) extends into the southern Rhodes
Basin, where it links with another north-south striking west verging thrust (R2), which delineated
the western margin of the Sirr1 Ering Plateau in southern Rhodes Basin (Figs. 6.5, 6.6, Appendix 1,
Hall et al., 2009, Barnes, 2015). Thus, the northern margin of the Sirr1 Ering Plateau is composed
of two east-west striking (TTO, TT1) and two north-south striking (R1, R2) major thrusts (Figs. 6.5,
6.6, Appendix 1). The southern margin of the Sirr1 Ering Plateau follows a similar trend to its north-
ern margin. In the east an arcuate zone delineated by a broadly northeast-southwest striking and
northwest verging thrust separates the Sirr1 Ering Plateau from the Anaxagoras and Anaximenes
Mountains (Figs. 6.5, 6.6, Appendix 1, Aksu et al., 2009, Barnes 2015). Toward the west, this thrust
gradually merges with an east-west striking and south verging thrust (TT2) that defines the southern
margin of the Anaximenes Mountain. Farther to the west a broadly north-south striking and west
verging thrust (R3) links with thrust TT2 (Figs. 6.5, 6.6, Appendix 1, Barnes 2015).

Thus, the zone that defines the Sirr1 Ering Plateau is 50 km wide in the northeast but notably
narrows to ~25 km in the west. The surface morphology of the Sirr1 Ering Plateau is characterized

by numerous lazy-S shaped lineations which render an irregularly-corrugated seafloor appearance.
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In the northern portion of the plateau immediately south of the Finike Basin, these corrugations are
west-northwest—east-southeast and/or northwest-southeast orientation; whereas in the western por-
tion of the plateau, the corrugations are notably north-northwest—south-southeast oriented (Barnes,
2015). The Sirr1 Ering Plateau is interpreted as a 25-50 km wide complex sinistral shear zone

(Figs. 6.5, 6.6, Aksu et al., 2009, Hall et al., 2009, Barnes 2015).

Summary of fault zones associated with the northeast segment of Hellenic Arc

e The Pliny—Strabo—Burdur—Fethiye fault zone is a 75-90 km zone that extends from the Pliny-
Strabo Trenches toward the northeast delineating the western limb of the Isparta Angle (Figs. 6.5,
6.6). This zone is characterized by several prominent thrusts across the deep Rhodes Basin,
but transitions into a swarm of high-angle extensional faults across the northern shelf region
of the Rhodes Basin as well as across southwestern Turkey: in all regions it exhibits sinistral

strike slip.

e The Sirr1 Ering shear zone defines an arcuate north-facing concave up zone between the Anaxi-
menes/Anaxagoras Mountains in the southeast and the Finike Basin and the Anaximander
Mountain (sensu stricto) in the north and northwest (Figs. 6.5, 6.6). It is bounded both on
its northern and southern margin by two east-west striking thrusts which are linked with two
north-south striking thrusts (Figs. 6.5, 6.6). The zone is interpreted as a sinistral shear zone at

the critical junction between the Hellenic and Cyprus arcs.

6.3.2 Northern passive continental margin — African Plate
(a) Offshore Nile delta

The Pliocene—Quaternary tectonic architecture of the northern margin of the African Plate imme-
diately south of the boundary between the African Plate and the Aegean—Anatolian Microplate has

a dramatically different character from that of the forearc region described above (Figs. 6.5, 6.6).
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This region is characterized by two prominent sets of oblique faults with notable dip-slip compo-
nents that transect one another in an orthogonal fashion (Harrison et al., 2004, Abd-Allah et al.,
2012, Othman et al., 2014). One set displays northwest-southeast strike, predominantly northeast
dips and invariably dextral strike slip (e.g., the Temsah and Misfag-Bardawil trend), while the other
set exhibits northeast-southwest strike, predominantly northwest dips and invariably sinistral strike
slip (e.g., the Qattara-Rosetta trend). These faults show a complicated intersection pattern south and
southeast of the large Messinian evaporite structures developed within the Herodotus Basin (Abdel
Aal et al., 2000, 2001, Abd-Allah et al., 2012, Othman et al., 2014). The onshore portion of the Nile
delta is affected by several east—west striking and both north- and south-dipping extensional fault
that show predominantly dextral strike-slip components (e.g., Abd-Allah et al., 2012). These faults
are also observed in the nearshore region north of the Nile coastline; however they are absent further
northward in the region of the orthogonally intersecting oblique faults.

The orthogonally intersecting faults cut the entire Pliocene—Quaternary successions, extending
to the seafloor where they create very prominent morphologies (Fig. 6.7). For example, detailed
multibeam images by the Prismed II survey revealed the presence of an intricate network of quasi-
linear seafloor depressions running tens to hundreds of kilometers in the direction of N145°E, which
are flanked by small and discontinuous ridges (Fig. 6.7, Mascle et al., 2000). These features are
clearly identified on seismic reflection lines, as large normal-slip master fault zones with vertical
offsets on the order of 1.5 s twt (Mascle et al., 2000). These authors identified secondary but well
marked seafloor depressions trending N160°E which appear closely associated with the main faults.
Mascle et al. (2000) interpret these seafloor lineations and the underlying faults as R Riedel-type
fractures. At lat 33°N, long 32°E, the central master fault is interrupted by a depression that displays
the characteristics of a releasing overstep along a N145°E transcurrent trend (Fig. 6.7). Within the
central and southern portions of the Nile delta series of minor ridges and troughs are identified whose

axial trends vary between N15°E and N90O°E, where the depressions display the character of typical
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sigmoidal tension gashes (Mascle et al., 2000). These authors suggested that the N145°E normal-
slip master faults have a horizontal strike-slip component and may thus be interpreted as transcurrent

transtensive type faults.

(b) Levantine margin

The Levantine margin is one of the least tectonically active regions of the eastern Mediterranean.
Here the Pliocene—Quaternary successions are generally undisturbed, except for 2-3 large north-
northeast—south-southwest striking and invariably west-northwest dipping listric normal faults across
the basin margin which show notable growth and roll-over (Figs. 6.5, 6.6; Khair and Tsokas, 1999,
Gardosh et al. 2008a,b, Carton et al., 2009, Gvirtzman et al., 2010, Skiple et al., 2012). These
authors also indicated that this fault system must have a sinistral strike slip component. Neev and
Hall (1982) suggested that the north-northeast—south-southwest trend (particularly also observed in
the Miocene and older strata) is part of a major system of en échelon left-lateral megashears that

dominated the region since the Precambrian.

6.3.3 Paleomagnetic data and block rotations

A recent MSc thesis at Memorial University of Newfoundland provided an excellent review of the
paleomagnetic data and the associated block rotations across central and western Turkey (Barnes,
2015). The summary figure in this study is shown here because it provides a comprehensive insight
to the Miocene to Recent block movements and rotations (Fig. 6.8). Barnes (2015) correctly stated
that “...the tectonic evolution of the northwestern portion of the eastern Mediterranean cannot be
viewed in isolation and that it must be integrated with the tectonic evolution of the southwestern
Turkish mainland...”. She carried out a thorough evaluation of the onland paleommagnetic studies
where block rotations are delineated (Kissel and Poisson, 1986; Sen and Valet, 1986; Kissel et al.

1987, 1989, 1993, 2003; Duermeijer et al., 1989; Tatar et al., 2002; Giirsoy et al., 1989, 2003;
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Kondopoulou et al., 1993; Piper et al., 2010; van Hinsbergen et al., 2007, 2010a,b,c; Meijers et al.
2011).

Van Hinsbergen et al. (2007) showed that from 3.8 to 3.6 Ma, Rhodes experienced 9+6° coun-
terclockwise vertical axis rotation, which was followed from 2.5 to 1.8 Ma by southeast tilting
and 500-600 m of subsidence of the southeastern coast, leaving the rest of the island above sea
level. These authors further documented that between 1.5 and 1.1 Ma, the Island of Rhodes tilted
to the northwest and the southeastern coast re-emerged above sea level, which was followed by a
tectonic phase of 1746° counterclockwise rotation post 0.8 Ma. These data show that, the oldest
(~4.2-3.8 Ma) successions on the island experienced ~264-6° counterclockwise rotation (Fig. 6.8).
The northwest tilting of the Island of Rhodes was also reported by Kontogianni et al. (2002), where
the tilting was ascribed to a prominent northeast-southwest striking thrust fault imaged in the north-
western margin of the deep Rhodes Basin in a seismic reflection profile illustrated by Woodside et
al. (2000). Van Hinsbergen et al (2007) also argued that the vertical motions observed on the Is-
land of Rhodes must have occurred along normal faults and a well-constrained thrust fault offshore,
illustrated along the eastern margin of the island by Woodside et al. (2000).

Along the eastern portion of the Island of Crete, Duermeijer et al. (1998) reported consistent
counterclockwise rotations in the late Miocene-Pleistocene successions and concluded that the ob-
served rotation pattern resulted from the left-lateral strike-slip deformation associated with south-
westward wrenching along the Pliny and Strabo Trenches (Fig. 6.8). To the north, Sen and Valet
(1986) reported a small counterclockwise rotation (6+4°) from the Island of Samos since the mid-
dle Miocene.

Paleomagnetic data showed that the southwestern Turkey (i.e., Beydaglari region) underwent no
rotation between the Late Cretaceous and Late Burdigalian, but experienced an ~20° counterclock-
wise rotation between 16 and 5 Ma (Fig. 6.8, van Hinsbergen et al., 2010a). Paleomagnetic data

from the Pliocene sediments within the apex of the Isparta Angle showed that this region had no sig-
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Figure 6.8: Map of the eastern Mediterranean showing the major tectonic elements and the block rotations
delineated using paleomagnetic studies (adopted from Barnes, 2015). yellow arrow= pre-Miocene; aqua=
Miocene, purple= Pliocene-Quaternary rotations. Paleomagnetic data from: 1= Giirsoy et al. (2003), 2= van
Hinsbergen et al. (2010b,c), 3= van Hinsbergen et al. (2010a), 4= van Hinsbergen et al. (2007), 5= Kissel
and Poisson (1986), 6= Kissel et al. (1993), 7= Tatar et al. (2002), 8= Duermeijer et al. (1998), 9= Piper et
al. (2010). Tectonic data from: Aksehir-Simav Fault Zone (FZ)= Kogyigit and Ozacar (2003), Giirsoy et al.
(2003); Aksu-Kyrenia FZ= Isler et al. (2005), Hall et al. (2014b), Barnes (2015); Alasehir FZ= Francalanci
et al. (2000), van Hinsbergen et al. (2010b,c); Amanos-Larnaka FZ= Hall et al. (2005b); Anaximander
Mountains= Aksu et al. (2009), Barnes (2015); Antalya FZ= Savascin et al. (1995), Glover and Robertson
(1998a,b), Francalanci et al. (2000), Hall et al. (2014a), Barnes (2015); Cyprus Arc= Welford et al. (2015),
Hall et al. (2005b); Ecemis FZ= Aksu et al. (2005a, 2014b,c); Kozan FZ= Aksu et al. (2005a, 2014b,c);
Mediterranean Ridge= Kopf et al. (2003); Misis-Kyrenia FZ= Aksu et al. (2005a, 2014b,c); Paphos FZ=
Papadimitriou and Karakostas (2006); Pliny-Strabo FZ= Hall et al. (2014b), Barnes (2015); Tartus Ridge=
Hall et al. 2005b; Trakya-Eskisehir FZ= Bozkurt (2001), Yaltirak (2002); Tuzgolii FZ= Giirsoy et al. (1998,
2003). Red arrow is the postulated south-directed extrusion of the Central Anatolian Block along the dextral
Aksu-Kyrenia, Aksehir-Simav, Trakya-Eskisehir, Tuzgolii Fault Zones and the sinistral Misis-Kyrenia, Kozan

and Ecemis Fault Zones.
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nificant rotation since the Pliocene (Kissel and Poisson, 1986). These data strongly suggest that the
middle to late Miocene rotation of the Beydaglar1 region must have taken place prior to deposition
of the non-rotated Pliocene sediments within the core of the Isparta Angle (van Hinsbergen et al.,
2010a).

Kissel et al. (2003) published paleomagnetic data which showed that the central Anatolian block
experienced a ~25° counterclockwise rotation during the Miocene (Fig. 6.8). These data suggest the
possibility that the 20° counterclockwise rotation of the Beydaglar1 region may be related to the 25°
counterclockwise rotation of the Anatolian block. However, van Hinsbergen (2010a) indicated that
the Beydaglari region forms the eastern limb of the Aegean orocline (Fig. 6.1, 6.5), and that it ro-
tated within the same time span of 16-5 Ma, in synchroneity with the western limb, and that it must
have been rotating independent of the central Anatolian block (van Hinsbergen et al. 2005). Further-
more, van Hinsbergen et al. (2010a) suggested the rotation of the block that hosts the Beydaglar1 was
probably bounded in the south at the boundary between the Africa Plate and the Aegean-Anatolian
Microplate and that in the east the Aksu thrust and the Kirkkavak dextral strike-slip fault must have
together partitioned the dextral transpression induced by the rotation of the Beydaglar1 block. How-
ever, Barnes (2015) pointed out that, because the northeastern portion of the Beydaglar: region ex-
perienced an approximately 20° counterclockwise rotation 16-5 Ma (van Hinsbergen et al., 2010a),
while the Afyon region immediately northeast of the Isparta Angle experienced a mean clockwise
rotation of ~12° during 18-8 Ma (Girsoy et al., 2003), there must exist a fundamental boundary be-
tween the Beydaglari block and the eastern limb of the Isparta Angle (Figs. 6.8, 6.9). Barnes (2015)
argued that this fundamental boundary must be located at or west of the eastern limb of the Isparta
Angle, thus can be at the Aksu Thrust and the Kirkkavak dextral strike-slip fault as suggested by van
Hinsbergen et al. (2010a). She indicated that if this boundary is correctly placed at the Aksu Thrust
and the Kirkkavak dextral strike-slip fault, this geometry requires that the eastern boundaries of the

counterclockwise-rotating block must include the Aksu-Kyrenia Fault Zone, the Paphos Fault and
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the Florence Rise (Fig. 6.5). Barnes (2015) further argued that the identification and mapping of the
Antalya fault zone as a dextral strike slip along the western sector of the Antalya Basin (Hall et al.,
2014a, Barnes, 2015) provides an alternative eastern boundary for the Beydaglar1 block. She indi-
cated that regardless of where the boundary of the counterclockwise rotating Beydaglari block was
(i.e., Aksu Thrust—Kirkkavak dextral strike-slip fault versus the Antalya Fault Zone) it must have
extended southwest linking with the Miocene Hellenic Arc (Fig. 6.5), which requires that it must
have had a dextral slip component during the Miocene. This region presently forms the Pliny-Strabo
Trenches and exhibits a sinistral strike slip regime.

The paleomagnetic data presented in van Hinsbergen et al. (2010a) show that the Lycian Nappes
were emplaced prior to the rotation of the Beydaglari1 and the fundamental thrusts situated between
these units did not form the boundary for the rotation, suggesting that the Beydaglar1 region and the
Lycian Nappes formed a cohesive unit during the Miocene. The ~20° rotation of the Lycian Nappes
and Beydaglar1 between 16 and 5 Ma, occurred contemporaneously with the exhumation of the
central Menderes Massif along prominent extensional detachments: following the latest Oligocene
to early Miocene exhumation of the northern and southern Menderes massifs (van Hinsbergen et al.,
2010c). The lower Miocene volcanics in the region from Lesbos to Ugak revealed that exhumation
of the central Menderes Massif was associated with a vertical axis rotation difference between the
northern and southern Menderes massifs of ~25°-30° (van Hinsbergen et al., 2010c). These authors
noted the divergence of the rotations along a northwest-southeast line extending from the apex of the
Isparta Angle toward the southern shores of the Island of Lesbos, and suggested that the northwest-
southeast striking prominent Alagehir fault that bound the Alasehir and the eastern segment of the
Biiyiikk Menderes graben may delineate the northern boundary of the ~20° rotation in the Lycian
Nappes and Beydaglari block during the middle-late Miocene (Figs. 6.8, 6.9).

Barnes (2015) indicated that the evaluation of the paleomagnetic data clearly suggests that the

core of the Aegean-Anatolian Microplate is fragmenting along a group of northwest-southeast ori-
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Figure 6.9: Map of the eastern Mediterranean showing the probable boundaries of late Miocene block ro-
tation including the Beydaglar region and the Lycian Nappes (adopted from Barnes, 2015). Appendix 1
Uppermost Messinian—Recent tectonic map of the eastern Mediterranean. Map is compiled by Aksu using
data from (a) Florence Rise (Giines, this thesis); (b) Rhodes and Finike basins, Anaximander Mountains (Hall
et al., 2009, Aksu et al., 2009, Cranshaw, 2010, Barnes, 2015), (c) Adana, Cilicia, Latakia, Iskenderun basins
(Aksu et al., 2005, 2014a,b, Hall et al., 2005a,b, Walsh-Kennedy et al., 2014), (d) offshore Israel, offshore
Lebanon, Levantine Basin (Carton et al., 2009, Gvirtzman et al., 2010, Gardosh et al., 2008b), (e) Eratos-
thenes Seamount, Herodotus Basin (Montadert et al., 2010, Skiple et al., 2012), (f) offshore Syria (Bowmann
2011), and (g) Nile delta (Mascle et al., 2000, Abd-Allah et al., 2012). The coastline is from the International
Bathymetric Charts of the Mediterranean (IOC, 1981). Brown lines = thrust faults with triangle ticks on hang-
ing wall, red lines = normal faults with rectangular ticks on hanging wall, green lines = strike slip faults with

purple half arrows showing slip direction, green fill = ophiolites. This figure is also shown in Figure 6.5.
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ented dextral strike-slip fault zones (Aksu-Kyrenia, Aksehir-Simav, Trakya-Eskisehir, Tuzgolii Fault
zones) in the west that are complemented by another group of northeast-southwest oriented sinis-
tral strike-slip fault zones (Misis-Kyrenia, Kozan and Ecemis Fault zones) in the east. She pointed
out that these oppositely oriented strike-slip fault zones require the broadly south-directed extrusion
of the Central Anatolian Block toward a zone of regional convergence along the Kyrenia Range of
northern Cyprus (Fig. 6.8). Barnes (2015) noted a first order similarity between the postulated south-
directed extrusion of the Central Anatolian Block and the south-directed migration of the Aegean
sector of the Aegean-Anatolian Microplate toward the Hellenic Arc and pointed out that the western
and eastern segments of the Hellenic Arc similarly show a 25° clockwise rotation in the Pliocene-
Quaternary and a 30° counterclockwise rotation in the middle-late Miocene, respectively (e.g., Kissel
and Laj, 1988). Here, the westerly moving Aegean-Anatolian Microplate is colliding with the Apu-
lia—Adriatic platform (Underhill, 1989), and was forced to progressively rotate counterclockwise
toward the free face along the Hellenic Arc (Mann, 1997). The pulling of the subducting African
Plate beneath the Hellenic Arc associated with trench suction due to roll-back of the Hellenic arc is
mainly responsible for the south-directed migration of the Aegean sector of the Aegean-Anatolian
Microplate (Ganas and Parsons, 2009; Rontogianni et al., 2011). Barnes argued that this first order
similarity between the south-directed migrations between the Aegean and Central Anatolian sectors
of the Aegean-Anatolian Microplate poses the question whether the processes associated with the
postulated south-directed extrusion of the Central Anatolian Block are related to the roll back of the

subducting slab beneath the Cyprus Arc during the Pliocene-Quaternary.
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6.4 Latest Messinian—Recent tectonic evolution of the eastern Mediter-

ranean

Many previous studies on the tectonic and kinematic evolution of the eastern Mediterranean docu-
mented the occurrence of a dramatic change in the style of deformation from the Late Miocene into
the Pliocene (e.g., Hall et al., 2005a,b, 2009, 2014a,b, Calon et al., 2005a,b, Aksu et al., 2005a,b,
2009, 2014a—c). These studies stressed the tectonic quiescence during the Messinian as a signal for
the switch in the regional tectonic regime. The primary cause of this tectonic switch is related to
the collision and subsequent suturing of the Arabian Microplate with the Eurasian Plate (Sengor and
Yilmaz, 1981, Dewey et al., 1986, Toksoz et al., 2007). In fact, this collision is responsible for the
development of the Aegean-Anatolian Microplate, as it forced a large continental fragment along the
southern margin of the Eurasian Plate to start a west-directed tectonic escape (e.g., Sengor et al.,
1985, Mann, 1997). Thus, the west-directed tectonic escape of the Aegean-Anatolian Microplate
during the Pliocene, in turn, resulted in the partitioning of strain across the southern boundary be-
tween the African Plate and the Aegean-Anatolian Microplate.

The summary of structures presented in this chapter clearly show that there is a very wide zone
of deformation extending from the southern fringes of the Mediterranean Ridge across the entire
forearc region into Taurus Mountains of southern Turkey. The specific study area is only a small
region within this broad evolving orogen. The discussion on the uppermost Messinian—Recent (i.e.,
Unit 1) temporal evolution of the orogen requires the establishment of a tight chronostratigraphic
framework (§ Chapter 3). As shown in Chapter 3, the chronology of the seismic stratigraphic units
only allows a first order timeframe. Therefore, the following discussion will be presented under the

following headings: (a) lower Unit 1, (b) middle Unit 1 and (c) late Unit 1.
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(a) Lower Unit 1 (early portion of uppermost Messinian—Recent)

The prominent southerly-verging thrusts that dominated the pre-Messinian Miocene and the Messi-
nian are largely confined to successions developed below the M-reflector. Only a limited number
of large thrusts remained active during the early uppermost Messinian—Recent, such as those de-
scribed in the deep Rhodes Basin (Hall et al., 2009, 2014b), Anaximander Mountains (Aksu et al.,
2009, 2014c¢), the west-central Antalya Basin (Isler et al., 2005, Hall et al., 2014a) and the Flo-
rence Rise (this study). Many prominent fault zones became reactivated as transtensional and trans-
pressional systems. For example, during the Pliocene—Quaternary the Misis—Kyrenia sector of the
Misis—Kyrenia—Aksu fault zone is developed as a prominent horst, with notable sinistral strike-slip
(Calon et al., 2005a, Aksu et al., 2005a, Hall et al., 2005a). Similarly the Amanos—Larnaka sec-
tor of the Amanos—Larnaka—Troodos—South Antalya fault zone is reactivated as a prominent graben
in the northeast which linked with a complicated extensional fault zone that is developed over the
southeast-verging large thrust panels (Hall et al. 2005a,b). Previous studies documented the linkages
of the northeastern sectors of the prominent fault zones with the East Anatolian Fault zone which
developed as a response to the collision of the Arabian Microplate with Eurasia, and the develop-
ment and west directed escape of the Anatolian sector of the Aegean—Anatolian Microplate. In fact,
a horse-tail like faults, all with notable sinistral strike slip spay off from the main branch of the East
Anatolian fault zone, extending toward the southwest.

The western sectors of the prominent zones also became reactivated during the early uppermost
Messinian—Pliocene. For example, the Aksu thrust became reactivated during the Pliocene, exhibit-
ing compression and dextral strike slip (Poisson et al., 2003a,b, 2011). Similarly, the Kirkkavak fault
zone also became reactivated during the Pliocene as a prominent thrust again with dextral strike slip
(Dumond and Kerey, 1975; Ciner et al., 2008). Finally, this study documented that the Florence
Rise became reactivated as a broad fold-thrust belt during the early uppermost Miocene—Pliocene

(§ Chapter 5). Previous studies suggested that the Florence Rise developed as a dextral wrench dur-
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ing the Pliocene—Quaternary (Zitter et al., 2003; Sellier et al., 2013a,b): however, this study clearly
documented that the timing of this wrench development is during the middle uppermost Messi-

nian—Recent, as further discussed below.

(b) Middle Unit 1 (middle portion of uppermost Messinian—Recent)

During the deposition of the middle Unit 1 (i.e., the middle portion of the uppermost Messinian—Recent)
there was a major tectonic upheaval across the southern portion of the forearc region. Across the
Florence Rise and the southern sector of the Antalya Basin, this interval is marked by a conspicu-
ous unconformity, which toward the deeper Antalya Basin becomes conformable within the strongly
stratified Unit 1 successions (§ Chapter 5). This unconformity, labeled as the y-reflector, is best im-
aged across the crestal region of the Florence Rise, where a former basin that accumulated a thick
succession of lower Unit 1 strata (i.e., the lower portion of the uppermost Miocene—Recent) became
inverted during the deposition of the middle portion of Unit 1. A similar unconformity and the as-
sociated basin inversion is also mapped across the Amanos—Larnaka Ridge in Latakia Basin (Hall
et al., 2005a, Calon et al., 2005a). Farther west across the northern foothills of the Anaximander
Mountain (sensu stricto) the prominent mid-Unit 1 unconformity, also represented by the y-reflector
is delineated and mapped (Aksu et al., 2009, Cranshaw, 2010). Recent re-evaluation of the previ-
ously collected seismic reflection profiles clearly show that the y-reflector can be readily traced and
mapped as a prominent unconformity across the southern margin of the Rhodes Basin (Aksu, per-
sonal communication, May-June, 2016). Across the Anaximander Mountain and southern Rhodes
Basin, the y-reflector separates a isopachous lower Unit 1 from the upper Unit 1 which show remark-
able growth over the y-reflector. This geometry is interpreted as the onset of the reactivation of the
forethrust that carries the Anaximander Mountain (e.g., Aksu et al., 2009), while the Rhodes Basin
experienced a dramatic subsidence during the middle uppermost Messinian—Recent interval (Aksu

et al., in prep).
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This tectonically active interval is believed to be the result of the docking and incipient collision
of the Eratosthenes Seamount with the Island of Cyprus (e.g., Robertson et al., 1995, Kempler 1998,
Galindo-Zaldivar et al., 2001). The Kyrenia Range and the Mesaoria Basin (Cyprus) also became
emergent during the Pliocene—Quaternary, where the uplift was accelerated by the docking of the

Eratosthenes (Calon et al., 2005a,b).

(c) Upper Unit 1 (upper portion of uppermost Messinian—Recent)

This interval is marked by a dramatic collapse of the Rhodes and Finike basins in the west (Hall et
al., 2009, 2014b, Aksu et al., 2009, 2014c¢), and continued subsidence of the Cilicia, Latakia and
Cyprus basins in the east (Walsh-Kennedy et al., 2014, Hall et al., 2005a,b). The morphological
expression of the major fault zones became prominent as these structures further developed, such
as the development of a major wrench and inversion of the Florence Rise (this study), uplift of the
Anaximander Mountains south of the Rhodes and Finike basins (Aksu et al., 2009, Barnes, 2015),
the development of the prominent horst block across the Misis—Kyrenia fold-thrust belt (Aksu et al.,
2005a, 2014a,b, Hall et al., 2005a, Walsh-Kennedy et al., 2014), as well as the accelerated growth
of the Latakia and Tartus ridges along the eastern sector of the Cyprus Arc (Hall et al., 2005b).

A very prominent feature of the eastern Mediterranean today is the Eratosthenes Seamount and
the way in which it shaped the evolving orogen (Figs. 6.5, 6.6). It appears as an indentor in the region,
clearly visible both in the present-day seafloor morphology of the eastern Mediterranean (Fig. 6.7) as
well as the regional curvatures of the major fault zones, particularly those which occupy the southern
margin of the orogen.

The docking of the Eratosthenes Seamount is also clearly affecting the style of deformation across
the passive margin successions, immediately south of the African Plate — Aegean—Anatolian Mi-
croplate boundary (Figs. 6.5, 6.6). For example, Mascle et al. (2000) noted that the Gulf of Suez

also exhibits a N145°E trend (Garfunkel and Bartov, 1977; Colletta et al., 1988), and speculated that
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the predominantly northwest-southeast trending fault belt probably extends toward the Gulf of Suez
rift system, linked by north-trending structural relays. Rifting of the Red Sea is still active with a
minor possibly sinistral transcurrent component across the Gulf of Suez (Joffe and Garfunkel, 1987).
Mascle et al. (2000) used the fault data across the Nile core to suggest the incipient development of a
new microplate, referred to as the Levantine-Sinai Microplate. These authors further suggested that
if this interpretation is correct, the Levantine-Sinai Microplate is probably a piece of the African
craton, broken and progressively disconnected from the African Plate in response to the collision
between Eratosthenes Seamount and Cyprus.

Yet other research suggested that the predominantly northeast-southwest trending set of faults
across the present-day Nile cone represent a trans-African en échelon sinistral megashear system,
referred to as the Pelusium megashear (e.g., Neev 1973, Neev and Friedman 1978, and Neev et
al., 1982). These authors view the Qattara-Rosetta and the Eratosthenes fault zones as part of this

system.

6.5 Summary and future work

The eastern Mediterranean offers one of the best constrained environments in which to study (a) the
active processes of oceanic closure, microplate and continental collision, with concomitant mountain
building, and (b) the tectonic and sedimentary evolution of basins near the edge of active orogenic
settings with complicated microplate configurations, and (c) the geodynamics of the mainly exten-
sional and transtensional deformation along the northeastern passive margin of the African Plate
and the predominantly contractional deformation across the collisional margin between the Aegean-
Anatolian Microplate.

The interpretation and mapping of the tightly-spaced high-resolution multichannel seismic re-
flection profiles clearly improved our understanding of the Late Miocene—Recent tectonic and kine-

matic evolution of the Antalya Basin and Florence Rise and it is relationship with Cyprus-Eratosthenes
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collision zone, along the plate boundary between the African Plate and the overriding Aegean-
Anatolian Microplate. However, one major scientific revelation of this study is the realization that
the upper crustal deformation can only be critically evaluated if they can be tangibly linked to the
deeper slab-scale lower crustal and upper mantle structures. Several recent publications stressed this
and hypothesized that the style and orientation of the upper crustal structures mapped in the upper
3-5 seconds (~5-20 km) in seismic reflection profiles must be the upper crustal strain-response to the
processes that are occurring deep within the lower crust and uppermost mantle, including subduc-
tion and detachment and/or tear of slabs (Hall et al., 2014a,b, Aksu et al., 2014c, Elitez et al., 2015).
However, neither direct linkages of structures nor the correlations between upper crustal tectonic
domains and lower crustal elements could be established, rendering the strain transferred across the
crust purely speculative. Thus, there are still major challenges associated with the linkages between
the upper crustal deformation (such as shown in various regional tectonic maps in this study) and
the fundamental uppermost mantle and lower crustal structural elements (such as tomographically
shown lithospheric tears, break-offs and large scale mantle upwelling) that drive this shallow crustal

deformation. What is needed to fill this gap?

e The acquisition of a grid of regional deep reflection data that image the uppermost ~100-150 km

of the crust is the most critical first step in filling this data gap.

These new data will assist in the delineation of potential linkages between (a) the Cyprus
Arc and the crustal scale structures associated with the continental fragments of Hecateus
Ridge, and the Eratosthenes Seamount and the Paphos Fault Zone, (b) the subduction be-
neath the Cyprus Arc and the prominent internally parallel upper crustal structures such as the
Kozan—Anamur-Silifke—Kirkkavak, Kyrenia—Misis—Aksu, Amanos—Larnaka—Troodos—Antalya,
Latakia Ridge-Tartus Ridge-Baér Bassit fault zones, as well as the Central Taurus Moun-
tains, (c) the subduction beneath the Cyprus Arc and the upper crustal structures across the

accretionary prism delineated by the Mediterranean Ridge, Florence Rise and the possibly the
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Anaxagoras Mountain, and the eastern marine extension of the Isparta Angle.

The second important need is to better evaluate the eastern Mediterranean plate kinematics
in a quantitative manner using 2D/3D balanced cross-section constructions based on the fault
maps created during the earlier studies and use of finite element model(s) incorporating plate

motion boundary conditions, fault constraints and space geodetic velocities.

These new data will allow the better understanding of (a) the accommodation of the 20° coun-
terclockwise rotation of the Beydaglari block (van Hinsbergen et al., 2010a) in the marine
areas, (b) the accommodation of extensional deformation, particularly seen across the Adana,
Cilicia, Latakia and inner Antalya basins, within a regionally contractional setting across the
broad collisional zone between the Aegean—Anatolian Microplate and the African Plate, and
(c) the postulated south-directed migration of the central Anatolian block within the context

of west-directed escape of the Aegean—Anatolian Microplate.
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Chapter 7

MESSINIAN SALINITY CRISIS —

DiscussION

Introduction

The Messinian evolution and history of the Mediterranean is one of the most extensively studied
topics across Europe, but also globally. There are numerous hypotheses for the development of the
Messinian Salinity Crisis, although there exists a general agreement that it developed as the result
of a complex combination of tectonic and glacio-eustatic processes which progressively restricted
and finally isolated the Mediterranean Sea from the open ocean (e.g., Wijermars, 1988; Hodell et
al., 1994, Butler et al., 1995, Clauzon et al., 1996). There is also considerable disagreement on
the timing and duration of the Messinian Salinity Crisis. For example, some authors suggest syn-
chroneity of evaporite deposition across the eastern and western Mediterranean regions (e.g., Hsii
et al., 1973), others suggested a two-step event where the deposition of evaporites initially started
across the marginal basins and subsequently developed within the deep basins (e.g., Clauzon et al.,
1996), yet others suggested a completely diachronous evolution of the evaporites across the eastern

and western Mediterranean basins (e.g., Butler et al., 1995). Equally large controversies exist over
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the cause, and the effects, of the isolation of the Mediterranean: for example some authors argued
that a large glacio-eustatic sea-level drop, related to expanding polar ice volume was the cause of the
onset of the Messinian Salinity Crisis (Hodell et al., 1994), but others advocated that the orogenic
uplift accompanied by gravity-driven sliding of large nappe complexes across the Gibraltar Arc was
the primary mechanism responsible for the isolation of the Mediterranean Sea from the global ocean

(Wijermars, 1988).

7.1 Messinian Salinity Crisis deposits

The presence of evaporites, not only halite, but also gypsum, anhydrite, and dolomite, in the Mediter-
ranean was proven by DSDP drilling (Shipboard Scientific Party, 1978). Combining the drilling
results with evidence furnished by geophysical records, the existence of an extensive evaporite unit
of Upper Miocene age has been previously established by Hsii et al. (1973). The distribution and
thickness of evaporites follow a close relationship with basin configuration that is in turn defined by
local and regional tectonic processes, including uplift and subsidence which control the sedimentary
processes of deposition and erosion. At the peak of the Messinian Salinity Crisis, the drawdown
gave a new configuration to the greater Mediterranean basin, creating a series of morphological
and sedimentological changes. As a result, evaporites of variable thickness and lateral extent were
deposited during the Messinian. Up to 3.5 km-thick evaporite successions were deposited within
the deep central basins (Hsii et al., 1973; Cita, 1973; Ryan, 1978; Garfunkel and Almagor, 1987).
But, the Messinian evaporite successions are not solely composed of evaporite minerals, but also
include variable proportions of terrigenous siliciclastic debris (e.g., Roveri et al., 2014a—c, Manzi et
al., 2014). This deposition coincided with intense subaerial erosion of the basin margins and subse-
quent deposition of these siliciclastic materials in the deep central basins (Hsii et al., 1978; Ryan and
Cita, 1978; Barber, 1981; Savoye and Piper, 1991; Druckman et al., 1995; Lofi et al., 2005; Ryan,

2009; Bache et al., 2009).
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Although many previous studies showed the evaporite thicknesses in small local regions, none of
the previous studies has shown a detailed Messinian evaporite thickness map across the entire eastern
Mediterranean. Here, the evaporite thicknesses determined using the seismic data from the Antalya
Basin and Florence Rise are combined with the result of the previous studies around the eastern
Mediterranean and a regional isopach map is presented, which illustrates the distribution and thick-
ness variations of the Messinian evaporites across the entire eastern Mediterranean region (Fig. 7.1).
This map also forms the basis for discussion on the regional implications of the Messinian Salinity
Crisis in the eastern Mediterranean, allowing comparisons to be made of the Messinian Salinity Cri-
sis deposits between different eastern Mediterranean basins, including the Antalya, Cilicia, Latakia,
Levantine and Herodotus basins as well as the area around the Nile cone.

Roveri et al. (2014a—c) classified the Messinian depositional environment into three categories:
shallow-water (0-200 m), intermediate-water (300—1000 m) and deep water (>1000 m) environ-
ments. These authors suggested that the shallow and intermediate water regions are marginal/peripheral
basins, which are presently situated onshore, while the deep basins and some intermediate basins
are presently located in the offshore: however, all these environments were physically disconnected
from one another during the deposition of the evaporites across the Mediterranean (Roveri et al.,
2014a—c). In this regional basin configuration, the Messinian evaporite successions are generally
thicker in the deep-central basins and thinner across the marginal basins. In the seismic reflection
profiles collected from the deep-central and intermediate basins, a strong reflector that marks the top
of the evaporites is identified as the M-reflector (Ryan et al., 1973). This surface corresponds to the
unconformity at the top of the Messinian evaporites and it separates: (a) the Messinian evaporites
from the overlying uppermost Messinian—Quaternary successions where Messinian is present, and
(b) the pre-Messinian Miocene and/or older successions from the uppermost Messinian-Quaternary
deposits where the Messinian evaporites are absent. The M-reflector marks the subaerial erosion

during the drawdown as well as the ravinement associated with the post-Messinian sea-level rise. In
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Figure 7.1: Isopach map of the Messinian evaporites across the eastern Mediterranean. Map is compiled
by Aksu using data from (a) Florence Rise (Giines, this thesis); (b) Rhodes and Finike basins, Anaximander
Mountains (Barnes, 2015), (c) Adana, Cilicia, Latakia, Iskenderun basins (Aksu unpublished data), (d) off-
shore Israel, offshore Lebanon, Levantine Basin, (Carton et al., 2009, Gvirtzman et al., 2010) (e) Eratosthenes
Seamount, Herodotus Basin (Montadert et al., 2010a,b), (f) offshore Syria (Bowmann, 2011), (g) Nile delta
(Loncke et al., 2006). The coastline is from the International Bathymetric Charts of the Mediterranean (I0C,
1981). 1 s twt is equivalent to about 2000 m of Messinian sediment thickness, depending on the lithologies

present.
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the seismic reflection profiles the M-reflector is marked by a notable unconformity, often delineated
by erosional truncation below and progressive onlap above (§ Chapters 3, 5). Another strong reflec-
tor defines the base of the Messinian evaporites: this is referred to as the N-reflector along the deep
and intermediate sub-basins of the entire Mediterranean basin. Across the shallow-water marginal
basins the M- and N-reflectors merge defining a major erosional surface (e.g., Vidal et al., 2000).
In many studies across the Mediterranean, the top surface of the Messinian evaporites is indicated
as MES (or Messinian erosional surface/marginal erosional surface), TES (or top erosional surface)
and/or TS (or top surface), whereas the basal surface is indicated as BES (or basal erosional sur-
face) and BS (basal surface) (Lofi at al., 2005, 2010; Maillard et al., 2006; CIESM, 2008; Roveri
et al., 2014a-c). The marine high-resolution multi-channel seismic reflection profiles do not allow
the differentiation of these specific terms, although this terminology is also carried into the marine
realm by many studies (Lofi at al., 2005, 2010; Maillard et al., 2006; CIESM, 2008; Roveri et al.,
2014a-c), where the descriptive term of a reflector became an interpreted term. In this study, the top
unit surfaces, including MES, TES and TS are collectively indicated by the M-reflector, whereas the
base unit surfaces, such as BES and BS are indicated by the N-reflector (also see Chapters 3, 4).
Thus the isopach map of the Messinian evaporite successions represents thicknesses between the

M- and N-reflectors.

7.1.1 Distribution of the Messinian Salinity Crisis deposits

During the Messinian Salinity Crisis, a variably thick succession of Messinian evaporites was de-
posited across the eastern Mediterranean. Because of the limited resolution of seismic interval ve-
locities in our studies, thicknesses are quoted in two-way reflection interval times (twt). 1 s twt is
equivalent to about 2000 m of Messinian sediment, varying with the lithological content. Thick-
ness ranges from 100-900 ms along the shallow marginal basins, such as Adana, Cilicia, Latakia,

Iskenderun and Mesaoria basins to >1500-2000 ms in the deep central basins, such as the Antalya,
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Levantine and Herodotus basins (Fig. 7.1). Well data along the easternmost sector of the eastern
Mediterranean show the ubiquitous occurrences of the Messinian evaporites along the coastal and
nearshore zones (Figs. 7.2-7.4). For example, the south-north cross section across western Israel
shows that in the present-day onland and nearshore wells, such as the Afiq 1, Nahal Oz 1, God 1, Hof
Ashdod 1A, Natanya 1, Kanusa 1, Qishom Yam 1, the Messinian successions are characterized by
gypsum and chemically-precipitated carbonates, giving way to halite immediately offshore, such as
Hanna 1 and Hof Ashdod 1 wells (Fig. 7.2; Gardosh et al., 2008a,b). Farther to the north and along
Lebanon, Syria and the Iskenderun Basin, a similar situation is observed, where anhydrite and lime-
stone dominate the Messinian successions in the present-day onshore boreholes Latakia 1, Latakia
2 and Fidio 1, as well as the onshore Iskenderun—Arsuz and Hatay—Samandag basins in southern
Turkey (Fig. 7.3; Bowmann, 2011, Tekin et al., 2010). However, the anhydrite—carbonate lithologies
are replaced by halite in the marine Iskenderun Basin wells Iskenderun 1 and Giilcihan 1, but revert-
ing back to anhydrite in the shallower water Payas 1 well (Fig. 7.3, Uffenorde et al., 1990). Messinian
sediments rapidly thin toward the northeast, eventually pinching out in the onland Osmaniye—Bahce
Basin (Fig. 7.3). Along the northeastern sector of the eastern Mediterranean, the wells in the south-
ern portion of the onland Adana Basin (e.g., T191 and Kuransa 2 wells) and the offshore Cilicia Basin
(e.g., Seyhan 1 and Karatas 1 wells) clearly show that the Messinian successions in these basins are
characterized by halite (Fig. 7.4, Turkish Petroleum Corporation unpublished data, Cipollari et al.,
2013, Ilgar et al., 2013). The halite—anhydrite transition is clearly observed in T191 and Arapali
wells (Fig. 7.4). Finally, a cross section across western Cyprus (Fig. 7.4) shows that in the Xeri well
and the Polemi Basin there is a well developed Messinian succession, dominated by anhydrite and
chemical limestone precipitate (Manzi et al., 2014). The cross section can be readily extended west
into the DSDP Site 375 over the crestal region of Florence Rise, where a thin succession of anhydrite
and halite represent the Messinian evaporites (Fig. 7.4, Shipboard Scientific Party, 1978).

The three cross sections described above (i.e., Figs. 7.2-7.4) and the associated review of the
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Figure 7.2: Cross section across the coastal and marine sectors of western Israel showing the distribu-

tion of the Messinian evaporite successions. Note that Yafo, Afiq and Mavqiim formations represent the

Pliocene—Recent, uppermost Messinian Lago Mare and the Messinian successions. Inset shows the locations

of the wells (filled circles). Compiled and redrawn from Gardosh et al. (2008a,b).
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existing literature (e.g., Shipboard Scientific Party, 1978, Gardosh et al., 2008a,b, Bowmann, 2011,
Tekin et al., 2010, Cipollari et al., 2013, Ilgar et al., 2013, Manzi et al., 2014) clearly documented that
the intermediate and marginal basins across the eastern and northeastern Mediterranean experienced
evaporative sedimentation during the Messinian Salinity Crisis. The Messinian isopach map reveals
three important trends (Fig. 7.1): (a) during the Messinian the eastern Mediterranean was partitioned
into several discrete basins, which were separated from one another by prominent ridges, (b) in these
basins dramatically different thicknesses of Messinian successions were deposited, and (c) associated
with the drawdown, rivers entering into the eastern Mediterranean deeply incised their canyons.

These issues are further discussed below.

Several discrete basins

During the Late Miocene, the eastern Mediterranean included 1-2 large ancestral basins. The pro-
tracted subduction of the African Plate beneath the Eurasian Plate and the associated tectonic activity
partitioned these ancestral basins into several distinct depocentres which were separated from one
another by prominent ridges (§ Chapters 5, 6). The sea level drawdown during the Messinian Salin-
ity Crisis simply accentuated the evolving morphological framework of the eastern Mediterranean.
The zero line of the Messinian isopach map predominantly represents the depositional edge of the
evaporites in these depocentres (Fig. 7.1). For example, the Adana—Cilicia basin complex devel-
oped between the evolving Taurus Mountains of southern Turkey and the Kyrenia Range of northern
Cyprus (Fig. 7.1). This basin complex was separated from the Antalya Basin by the broadly north-
south trending Anamur—Kormakiti Ridge and from the Iskenderun-Latakia—Mesaoria basin complex
by the northeast-southwest trending arcuate Misis—Kyrenia Ridge. The smaller and less conspicuous
Amanos-Larnaka Ridge and its prominent western continuation into the Troodos Mountains sepa-
rated the Iskenderun—Latakia—Mesaoria basin complex in the north from the Cyprus Basin in the

south (Fig. 7.1). The Cyprus Basin in turn, was separated from the Levantine Basin in the south by
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the prominent Tartus—Latakia Ridge of the eastern Cyprus Arc. In the west, the Florence Rise and
its northwestern continuation into the Anaxagoras Mountain separated the two prominent Messinian
depocentres, the Antalya Basin in the north and the Herodotus Basin in the south. The Eratosthenes

Seamount also largely partitioned the Levantine and Herodotus basins (Fig. 7.1).

Variable Messinian evaporite thicknesses

The Messinian evaporite successions show dramatic thickness variations across the eastern Mediter-
ranean, ranging from <100 ms along marginal basins to >2400 ms (Fig. 7.1). For example Messinian
successions are very thick within the Herodotus Basin, where central thicknesses exceed 2400 ms,
and deposits define broadly east—west trending cylindrical bodies (Fig. 7.1). The Messinian evapor-
ites are also notably thick in the Antalya Basin, where central thicknesses range between 1500 ms
and 2000 ms (Fig. 7.1). In both Herodotus and Antalya basins, Messinian evaporites become thicker
toward the deep central regions of the ancestral basins, but become notably thin toward the con-
tinental margins. The Eratosthenes Seamount partitions the Levantine Basin to the east, where
Messinian deposits range in thickness from <100 ms to >1200 ms (Fig. 7.1). A broadly north-
northeast—south-southwest trending trough with thick Messinian successions is clearly visible across
offshore Lebanon.

Across the northern sector of the eastern Mediterranean, the Messinian evaporite successions
are notably thinner (i.e., <900 ms) across the present-day marginal and intermediate-depth basins,
such as the Adana—Cilicia and Iskenderun—Latakia—Mesaoria basin complexes (Fig. 7.1). In these
basin complexes a 700-900 ms thick northwest-southeast trending salt wall developed as the result
of gravitational gliding of the thick Pliocene—Quaternary delta lobes over the Messinian salt lake
(Fig. 7.1, Bridge et al., 2005). Messinian evaporite successions are also thin across the present-day
very deep Rhodes and Finike basins, as well as the Sirr1 Ering Plateau, ranging between <100 ms

and ~700 ms (Barnes, 2015, Fig. 7.1).
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These dramatic thickness variations can be interpreted as the result of the interplay between the
sea level variations during the Messinian and the morphology of the basins, which is a function
of the ensuing tectonic activity associated with the convergence between the African and Eurasian
plates. The sedimentation during the Messinian Salinity Crisis was characterized by two critical
and competing modes: (a) evaporative sedimentation leading to the deposition of carbonates, gyp-
sum and halite and (b) siliciclastic sedimentation associated with the rivers entering into the east-
ern Mediterranean. Today, there is one very large river (Nile), several intermediate rivers (Seyhan,
Ceyhan, Asi, Goksu, Aksu, Koprii, Manavgat, Nahal Besor), and several smaller rivers (Dalaman,
Esen(¢ay), Tarsus, Nahr er Kebir, Litani, Kishon, Yarkon) that provide siliciclastic input into the
eastern Mediterranean (Figs. 7.5, 7.6).

There is no direct information on the water and sediment discharge rates of these rivers during the
Messinian. The overall water discharge from the drainage basin depends on the relationship between
precipitation and water storage factors across the drainage basin (Milliman and Farnsworth, 2011),
and can be summarised as follows: drainage basin discharge = precipitation — evapo-transpiration +
changes in storage. Other factors affecting river discharge include the rock type(s) across the drainage
basin, relief of the drainage basin, and climate and rainfall. Some basic assumptions can be made
here: (a) the Messinian climate of the eastern Mediterranean was relatively similar to the arid and
evaporative climate that prevails across the region today (e.g., Blanc, 2000), (b) thus, the Messinian
water and sediment discharge rates must have been comparable to those seen today, (c) the rock types
across the drainage basins of the eastern Mediterranean rivers are the same, (d) but the relief must
have been dramatically different across the drainage basins during the Messinian — this is further
discussed later in river incision. Sediment discharge of a river is a log-linear function of basin area
and maximum elevation of the river basin with climate and runoff being of secondary importance
(Milliman and Syvitski, 1992). The above discussion suggests that the present-day water discharge

rates of the rivers entering the eastern Mediterranean can be used as a proxy for the Messinian
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Annual average discharge (m3 5‘1)

Major rivers entering eastern Mediterranean

Figure 7.5: Histogram showing the average annual water discharges of rivers entering the eastern Mediter-
ranean Sea (data from EIE, 1984; Amery, 1993;, Brigden and Stringer, 2001; Nilsson et al., 2005; Wohl, 2007;
Crouvi et al., 2015). Note the overwhelming dominance of the Nile River. Numbers above bars represent the

percentage contribution of the water input relative to the Nile River.
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Figure 7.6: Potential detrital siliciclastic source input into the eastern Mediterranean. The arrows are pro-
portional to the percentages of river discharges presented in Figure 7.5. Rivers: A= Aksu, As=Asi, B= Nahal
Besar, C= Ceyhan, D= Dalaman, E= Egen(¢ay), G= Goksu, K= Koprii(¢ay), Ke= Nahr el Kabir, Ki= Kishon
(Qishon), L= Litani, M= Manavgat, N= Nile, S= Seyhan, T= Tarsus, Y= Yarkon. The Messinian canyons
across the Nile River from Aal et al. (2000, 2001). Messinian coastline from Figure 7.1. Also shown are the

present-day coastline (from IOC, 1981) and rivers.
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conditions, with the exception of the river gradient and the subsequent incision discussed below.

River incision

The southern continental margin of the eastern Mediterranean is dissected by a very prominent sys-
tem of anastomosing and deep canyons that were cut during the Messinian Salinity Crisis (Fig. 7.7,
Aal et al., 2000, 2001). The eastern continental margin was also dissected by numerous smaller
canyons (e.g., the Afiq Canyon, Gardosh et al., 2008a,b). These canyons must have supplied consid-
erable quantities of siliciclastic material into the basinal settings during the onset of the Messinian
Salinity Crisis, as the base level dropped dramatically from what is ~20 m above present sea level
(Lisiecki and Raymo, 2005) to a low of 1500 m to 2250 m below present-sea level during the Messi-
nian (Gargani and Rigollet, 2007; also § Chapter 4). How much sediment has been excavated from
the Nile canyon during the Messinian? Said (1993) shows that the Messinian incision of the Nile
River channel reached a depth of -170 m in Aswan, -800 m in Assuit and >-2500 m immediately
north of Cairo, ~900 km, 500 km and 150 km south of the coast, respectively (Fig. 7.8). Similar deep
Messinian channels occur across the continental margins of Israel, Libya and Syria (Griffin, 2002).
A back-of-the-envelope calculation can be made of the volume of sediment that has been excavated
from the Nile gorge during the Messinian, provided that we can also determine the width and shape
of the gorge. The geological cross section published by Chumakov (1967) based on boreholes drilled
during the construction of the Aswan Dam shows a deep V-shaped gorge excavated in granite. This
gorge is ~350-500 m wide at the surface. The width of the Nile north of Aswan is ~2.8 km on
average (Said, 1993, Catterall et al., 2010). Assuming that the Nile gorge is (a) V-shaped, (b) has an
average width of 1500 m between Aswan and Assuit and 2500 m between Assuit and the Mediter-
ranean shore, (c) has an average depth of ~500 m between Aswan and Assuit and 1650 m between
Assuit and Cairo, and (d) the distance between Aswan and Assuit is 390 km and that between Assuit

and the Mediterranean shore is 500 km, two triangular prisms can be constructed so that the volume
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of the gorge can be estimated. These calculations suggest that a total of ~1146 km?® of sediments
were excavated from the Nile gorge during the Messinian Salinity Crisis. Previous studies show that
the Nile delta is emplaced on a passive margin covering an area of ~100,000 km?, with the delta
development staring during the latest Miocene, at the end of the Messinian salinity crisis (Salem,
1976; Ross and Uchupi, 1977; Ryan and Cita, 1978; Loncke et al., 2006), and reaching its maximum
thickness of 9 km during the Pliocene—Quaternary (Aal et al., 2001, Mascle et al., 2003). Therefore,
it is clear that the eroded material from the excavated gorge did not become part of the Nile delta
development, but was directly supplied directly into the deep Mediterranean Messinian basin, which
is sometime referred to as the Lake Cyrenaica (Griffin, 2002).

So, what would the areal extent of a lobe of eroded siliciclastic material look like and how would
that compare with the isopach map of the Messinian evaporite successions? Assuming that the
average compaction of the Messinian sediments imaged in the seismic reflection profiles is 50%,
the total volume of excavated material would be ~1719 km3. A back-of-the-envelope calculation
can be made to determine the surface area that the excavated material would occupy immediately
north of the deeply incised Nile canyons across the southern Mediterranean (Fig. 7.7). This exer-
cise, which does not include the sediment load otherwise carried from the drainage basin, suggest
that the Messinian evaporite successions across the Herodotus Basin must also contain considerable
quantities of siliciclastic material. Because the gorge incision and the associated excavation of the
material did not occur “geologically instantaneously” it is believed that the siliciclastic material ini-
tially formed a prominent layer across the eastern Mediterranean immediately above the N-reflector,
but subsequently became interbedded with the evaporite sediments. Fuchs et al. (2014) used opti-
cally stimulated luminescence dating of fluvial terraces across the rivers of the Pamir Mountains to
determine fluvial incision rates. The eastern Mediterranean rivers probably had similar river pro-
files to the present-day Pamir Mountains during Messinian. Average river incision rates ranging from

4-5 mm yr~! to 67 mm yr—! have been calculated for river incision during the last 26 ka (Fuchs
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Figure 7.7: Map showing the Messinian basin configuration and surface area that the ~1146 km? of material
excavated from the Nile gorge would occupy across the Herodotus Basin (converted into ms using a 50%
decompaction factor and a 4000 m s~! seismic velocity, explained in text). The numbers in the ellipses are the
thickness of the siliciclastics that would account the excavated material from the Nile gorge to various surface
areas. The Messinian coastline is from Figure 7.1, the Messinian canyons across the Nile delta are from Aal et
al. (2000, 2001); the Messinian canyons across the Cilicia and Latakia basin are from Aksu (unpublished data)

the present-day coastline is from the International Bathymetric Charts of the Mediterranean (IOC, 1981).
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Figure 7.8: Map showing the lower course of Nile River, and the place names such as the Aswan, Assui
and Cairo mentioned in text. The topography is compiled using GeoMapApp (Ryan et al., 2009), and shaded
using Global Mapper. The multibeam bathymetry from the high-resolution EMODnet (European Marine
Observation and Data Network, Portal for Bathymetry, http://www.emodnet-hydrography.eu/). The coastline
(www.ngdc.noaa.gov/mgg/dat/geodas/coastlines/LittleEndian/coast41.zip) is extracted using GEODAS Ver-

sion 4.1.
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et al., 2014). At these incision rates, the gorge depth of -2500 m along the present-day coastline
of the Nile delta (Said, 1993) would require 350 ka — 500 ka for the excavation of the Nile gorge,
further suggesting that the excavation of the Nile gorge occurred during a prolonged period during
the Messinian.

Dramatic river incision across the eastern Mediterranean was not unique to the Nile River, as
many smaller rivers also incised their river valleys. A highly developed submarine canyon and chan-
nel system occurs across the southeastern continental margin of the eastern Mediterranean (Fig. 7.7,
Gardosh et al., 2008a,b). For example, the Afiq and Ashdod canyons are deeply incised: the depth
of the Afiq Canyon is up to 1500 m onshore (Druckman et al., 1995) and several hundred metres
offshore. The Ashdod Canyon cuts a 700 m-deep gorge into Mesozoic strata some 40 km offshore.
The incisions in the smaller canyon to the north of the Ashdod canyon are limited to the upper slope
(Fig. 7.7, Gardosh et al., 2008a,b). Although no incision data is available from the Afiq and Ashdod
canyons, smaller quantities (compared to the Nile) of siliciclastic sediments must have also been
supplied into the Levantine Basin from the continental margins of Israel, Lebanon and Syria. There
are also several medium-size rivers that enter the northeastern Mediterranean Sea, feeding large delta
successions into the intermediate-depth Cilicia and Latakia Basins (Figs. 7.5, 7.6). Previous stud-
ies in these areas did not identify canyons incised into the pre-Messinian successions (e.g., Aksu et
al., 2005a,b, 2014a,b, Hall et al., 2005a). However, re-evaluation of the seismic reflection profiles
delineated a major canyon that extends from the mouths of the Seyhan, Tarsus and Goksu rivers
across the Outer Cilicia Basin, crossing the Anamur—Kormakiti Ridge and entering into the eastern
Antalya Basin (Fig. 7.7, Aksu personal communication, July 2016). Similarly, another prominent
canyon extends from the mouths of the Ceyhan and Asi rivers and enters into the Inner Latakia Basin
(Fig. 7.7, Aksu personal communication, July 2016). These two prominent canyons must also have
supplied siliciclastic material mainly to the intermediate-depth Cilicia and Latakia basins, but also

to the deeper Antalya Basin in the west and the Cyprus Basin in the east. The absence of any pre-M-
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reflector delta deposits across the Cilicia Basin also support this contention: otherwise the Seyhan,
Tarsus and Goksu rivers and possibly the Ceyhan River would have constructed a large delta across
these areas. Messinian channels/gorges are readily identified travelling extreme distances across the
Mediterranean (e.g., the Rhone, Po and Nile rivers, Lofi et al., 2011b)

The above discussion highlights the fact that the Messinian evaporite successions also include
variable proportions of continentally derived siliciclastic debris. In the next section, the stratigraphy
and compositional makeup of the deposits associated with the Messinian Salinity Crisis across the

eastern Mediterranean will be evaluated.

7.1.2 Internal seismic stratigraphy of the Messinian evaporites

Previous studies across the eastern Mediterranean indicated that the Messinian evaporite succes-
sions define an acoustically transparent unit in multichannel seismic reflection profiles (e.g., Aal et
al., 2000, Aksu et al., 2005a,b, Hall et al., 2005a,b, Bridge et al., 2005, Isler et al., 2005, Hawie et
al., 2013). For example, the seismic profile across the eastern fringes of the present-day deep sea fan
of the Nile shows the presence of a thick Messinian succession (Figs. 7.9, 7.10). However, internally
the evaporite succession exhibits an acoustically chaotic but transparent character with no coherent
and laterally continuous reflections (Fig. 7.9). It is clear that the Messinian succession here includes
some salt, because it is mobilized to form rollers beneath the footwall of several listric normal faults
developed on the proximal portion of the deep sea fan. So the chaotic appearance may be partially
due to salt mobilization. But furthermore, the region is proximal to the Nile River which is the most
important siliciclastic supply to the eastern Mediterranean Sea today, and also was during the Messi-
nian (e.g., Aal et al., 2000). On the basis of this chaotic and transparent acoustic character, many
studies argued that the eastern Mediterranean region, particularly the deep basins lack the 4-unit
divisions of the Messinian evaporite successions observed across the western Mediterranean (e.g.,

CIESM, 2008, Lofietal., 2011a, b; Roveri et al. 2014a). In the following section, the previously pub-
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lished seismic reflection profiles from the southeastern sector of the eastern Mediterranean as well
as the high-resolution seismic multichannel reflection profiles from the Cilicia, Latakia and Cyrus
basins are re-interpreted to show that the 4-unit division of the Messinian evaporite successions is
indeed present across the entire eastern Mediterranean.

Recent studies indicated that the 1500 m-thick Messinian successions across the Levantine Basin
show six seismic stratigraphic units (Fig. 7.11, Bertoni and Cartwright, 2005; 2006; Hiibscher et al.,
2007; Hiibscher and Netzeband, 2007; Diimmong and Hiibscher, 2011). Seismic profiles crossing
the Levantine Basin from Cyprus to the eastern fringes of the Nile deep sea fan and from the Israeli
shelf to the Eratosthenes Seamount further suggested that most of these units occur in a basin-wide
fashion across these areas (Netzeband et al., 2006). Four of these units are seismically transparent
and presumably consist of halite (Fig. 7.11, Bertoni and Cartwright, 2007, Hiibscher and Netze-
band, 2007). The occurrence of two reflective intervals was related to the presence of interbedded
siliciclastics and/or variations within evaporite facies (Garfunkel, 1984; Gradmann et al., 2005).
Similarly, across the southeastern Levantine Basin west of Israel Gradmann et al. (2005) and Netze-
band et al. (2006) proposed that Messinian layer in deep water has been shown to consist of a stack
of five transparent layers bounded by internal reflectors, which can be interpreted either to represent
changes of evaporite facies or to mark the presence of intercalated clastic sediments. The acoustic
character and stratigraphy of the Messinian evaporite successions imaged across the Levantine Basin
is remarkably similar to that imaged in this study across the southern Antalya Basin (e.g., Fig. 7.12).
For example, in both regions there is (a) a relatively thin succession characterized by strong laterally
continuous reflections immediately above the N-reflector, and (b) an equally strong and laterally con-
tinuous reflection interval immediately below the M-reflector (cf., Fig. 7.11 and Fig. 7.12). These
two sub-units are identified as 2d and 2a, respectively. Similarly in both areas, there are two pre-
dominantly acoustically transparent sub-units between sub-units 2a and 2d, with the lower sub-unit

showing notably higher reflectivity and lateral continuity of reflectors (cf., Fig. 7.11 and Fig. 7.12).
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Figure 7.9: Depth-converted multichannel seismic reflection profile across the Nile deep sea fan showing the acoustically transparent and chaotic appear-

ance of the Messinian evaporite successions (profile from Loncke et al., 2010). Location is shown in Figure 7.10.
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These are identified as sub-units 2b and 2c. The reflectors separating sub-units 2a — 2b, 2b — 2¢
and 2c — 2d are identified as -, -, and &-reflectors (Fig. 7.11, Fig. 7.12). The above discussion
shows that except for the deep sea fan regions of the Nile delta, the 4-unit divisions of the Messinian
evaporite successions observed across the western Mediterranean (e.g., CIESM, 2008; Lofi et al.,
2011a, b; Roveri et al. 2014a) is also present across the Levantine Basin.

Messinian evaporite successions are also identified across the Cyprus, Latakia and Cilicia basins
(e.g., Halletal., 2005a,b; Aksu et al., 2005a,b, 2014a,b; Bridge et al., 2005). These studies delineated
the top and base of the Messinian evaporite successions (also identified as Unit 2 in these studies), and
indicated that there are notable high-amplitude and often laterally continuous reflectors within Unit 2.
However these studies did not further subdivide the succession into sub-units. In this study, several
critical profiles published in these studies (i.e., Hall et al., 2005a,b; Aksu et al., 2005a,b; 2014a,b;
Bridge et al., 2005) are re-interpreted. For example, Figure 7.13 shows the Messinian evaporite
successions in a profile extending from the northernmost portion of the Levantine Basin across the
Cyprus Arc into the Cyprus Basin. Similarly Figure 7.14 shows the architecture and internal acoustic
character of the Messinian evaporite successions across the northern portion of the Latakia Basin,
immediately southeast of the Misis-Kyrenia fold-thrust belt (Calon et al., 2005a; Hall et al., 2005a).
Finally, Figures 7.15 and 7.16 illustrate the architecture of the Messinian successions across the outer
portion of the Cilicia Basin. Comparisons between the high-resolution seismic reflection profiles
from the Antalya Basin and those from the northern Levantine, Cyprus, Cilicia and Latakia basins
(Figs. 7.11-7.16) clearly show that there are remarkable similarities in the stratigraphic architecture
and internal acoustic makeup of the Messinian evaporite successions between these regions, which
in turn suggests similarities in the sedimentary processes and Messinian basin evolution.

Across the Nile delta the Messinian successions show notable lateral facies changes from low
frequency, high amplitude, low continuity reflections, which are interpreted as siliciclastic sediment

to an acoustically transparent seismic facies, interpreted as massive halite (e.g., Aal et al., 2000).
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Figure 7.11: Multi-channel seismic reflection profiles from the Levantine Basin showing the internal archi-
tecture of the Messinian evaporite successions (profile a and b are from Carton et al., 2009 and Gorini et al.,
2015). 2a-2d = Messinian Sub-units identified in this study, A—E in b = Messinian units identified in Gorini

et al. (2015). Locations are shown in Figure 7.10.
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Figure 7.14: High-resolution multi-channel seismic reflection profile X showing the internal architecture of the Messinian evaporite successions across
the Latakia Basin (portion of figure 6 of Calon et al., 2005b). Note the similarities of the acoustic character of sub-units 2a—2d with those illustrated in
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Figure 7.15: High-resolution multi-channel seismic reflection profile W showing the internal architecture of the Messinian evaporite successions across
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This lateral seismic facies change is also clearly visible in the Levantine Basin (Gorini et al., 2015)
as well as the Antalya and Herodotus basins and the Nile delta. During the onset of the Messinian
Salinity Crisis, predominantly siliciclastic sediments eroded from the continental margins and the
excavation of the river canyons accumulated in restricted hypersaline Messinian basins. In both, the
northern sector (e.g., Antalya, Cilicia, Cyprus, Finike, Iskenderun, Latakia, and Rhodes basins) and
southern sectors (e.g., Levantine and Herodotus basins, the Nile delta) of the eastern Mediterranean,
Messinian siliciclastics were eroded from the shelf margins and re-deposited in the deep basins as
the sea level dramatically dropped associated with the evaporative drawdown. These siliciclastic
sediments show an intercalated architecture with evaporite deposits (Gorini et al., 2015) and there-
fore fully belong to the Messinian Salinity Crisis event. The above discussion and the back-of-the-
envelope calculation clearly demonstrated the reason why these siliciclastics are better represented
across the Levantine and Herodotus basins: the predominance of the sediment supply by the Nile
River, particularly during the initial incision of its gorge when Nile River was forced to readjust to

the dramatically falling base level.

Sub-unit 2d (Lower Evaporites /Lower Unit of MSC)

In the deep settings of the Antalya Basin, lower evaporites (sub-unit 2d) of the Messinian corresponds
to a highly reflective series of probably detrital sediments deposited by gravity-driven slumps, slides
and associated debris flow deposits and the re-deposition of the shallow-water Primary Lower Gyp-
sum during the first stage of sea-level fall. These are known as the Resedimented Lower Gypsum.
In shallower settings, the lower evaporites of Messinian Salinity Crisis are commonly related to the
presence of incomplete Primary Lower Gypsum (PLG) successions that prevent a precise tuning of
the first local gypsum bed. This lower evaporitic succession with primary evaporites precipitation
only in marginal basins corresponds to initial stage of the Messinian Salinity Crisis (Roveri et al.,

2008a,b, 2015; Manzi et al., 2014). The base of this evaporitic succession defines the onset/base of
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the Messinian Salinity Crisis in marginal settings. According to Riding et al. (1998), based on the
sedimentary record across the Betic Gateway, evaporite precipitation started in the early Messinian
in onshore basins, then moved to the Mediterranean deep basin in the mid-Messinian when it was
desiccated, and ended in onshore basins in the late Messinian during its re-flooding.

Manzi et al. (2014) suggested that the base of the unit usually referred to the ‘Lower Evapor-
ites’ in Cyprus does not actually correspond to the onset of the Messinian salinity crisis. If this is
the case in Cyprus, sub-unit 2d in the deep Mediterranean basins (e.g., Antalya Basin) may also
not be the time correlative succession of the primary lower evaporites found along the marginal
basins across the eastern Mediterranean. Sub-unit 2d correlated with Messinian Salinity Crisis
Lower Unit (LU) which is clearly identified on seismic profiles in the deep western Mediterranean
basins (e.g., Provencal Basin, Gulf of Lions, Algerian Margin; Lofi et al., 2011b). However, in the
eastern Mediterranean previous studies from the Levantine and Herodotus basins and the Nile delta
mentioned that these sub-salt Messinian sediments are either missing or were not clearly identified
(Loncke et al., 2006, Diimmong and Hiibscher, 2010, Reiche, 2015). Hence, Diimmong and Hiib-
scher (2010) and Reiche (2015) proposed that the onset of the Messinian Salinity Crisis in the deep
basins corresponds to the base of salt/mobile layer. However, it is very important to precisely define
the stratigraphic location of the lowermost predominantly siliciclastic Messinian deposits so that the
onset of the Messinian Salinity Crisis in the entire Mediterranean can be accurately delineated. Re-
sults of this study and stratigraphic correlations with other eastern Mediterranean sub-basins show
that the acoustically transparent layer (inferred to be halite) cannot be the base of the Messinian
Salinity Crisis. This is particularly true in regions where large quantities of siliciclastic point-source
sediment is present, such as the regions adjacent to large rivers such as Nile, as well as moderate-size
rivers such as Aksu, Asi, Manavgat, Ceyhan, Seyhan (Fig. 7.6). Hence the onset of the Messinian
Salinity Crisis event must be located at the base of these high frequency reflections, largely cor-

responding to the Messinian siliciclastics within the lower portion the Messinian Salinity Crisis
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successions. These mainly terrestrially-derived sediments must also include variable proportions of
Resedimented Lower Gypsum. The latter was originally deposited across nearshore regions during
the early evaporative drawdown, but subsequently exposed to gravity-driven mass wasting processes,
such as seen in the Qishon Yam 1 well across southeastern Mediterranean continental margin (i.e.,

slumped Mavqiim Formation sediments, Fig. 7.2).

Sub-unit 2b and 2c -Mobile Unit (MU)

The mobile succession is up to 1500 ms (twt) thick and includes subunits 2b and 2c. Sub-unit 2b
shows a reflection-free seismic facies, whereas sub-unit 2c exhibits reflection-free seismic facies
with several internal reflections in Antalya Basin and its environs (§ Chapters 3, 4). Within 2c¢ there
are high amplitude reflectors with limited lateral continuity, suggesting the presence of layers with
distinctive acoustic impedance contrast within a thick package of uniform density (i.e., no significant
reflections). Previous studies were vague on the nature of these high amplitude reflectors within the
mobile unit (e.g., Lofi et al., 2011a, b). However, interval velocities in the seismic reflection pro-
files provided much needed information regarding the composition of the high amplitude relatively
good continuity reflector. In the southern Antalya Basin, the interval velocities within sub-unit 2c
range from 3500 m s~ ! to 4000 m s~! across the high-amplitude reflector zones, which suggest con-
siderable presence of siliciclastic material in a predominantly evaporite-dominated succession with
velocities of 42004800 m s~! (§ Chapter 4). This velocity profile strongly suggests that sub-unit 2c
must be composed predominantly of massive halite interbedded with anhydrite, Mg and K salts, as
well as siliciclastic sediments. The siliciclastic sediments were probably supplied through the ero-
sion of the subaerially exposed continental margin. In the eastern Mediterranean the presence of
halite has been recognized by boreholes in the Cyprus Mesaoria Basin (Gass, 1960; Robertson et
al., 1995) and Florence Rise (Ref), whereas in the Antalya (this study), Larnaca-Latakia, Herodotus

and Levantine basins (Robertson et al., 1995; Maillard et al., 2010) the presence of halite has been
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inferred from seismic profiles.

Across the Antalya Basin, the existence of two sub-units (i.e., 2b and 2c) suggests vertical compo-
sitional changes within the mobile evaporite facies with intercalated siliciclastics and trapped fluids
(Fig. 5.37, § Chapter 5). Very similar facies changes are also suggested for the mobile successions
in the Levantine Basin (e.g., Loncke et al., 2004; Gradmann et al., 2005; Netzeband et al., 2006b;
Hiisbscher et al., 2008). In the deep Antalya Basin the mobile evaporite sub-units 2b and 2c are gen-
erally overlain by the upper evaporites of sub-unit 2a, which are in turn overlain by the Lago Mare
facies. Elsewhere in the eastern Mediterranean, the mobile evaporite sediments are directly overlain
by the Pliocene—Quaternary successions although, some seismic units resembling upper evaporites
(UU=Sub-unit 2a) and lower evaporites (LU=Sub-unit 2d) are also observed locally in the Nile delta
area (Reiche, 2015; Maillard et al., 2012).

As also discussed earlier, the comparison and correlations with the previous studies showed that
the 4-unit divisions of the Messinian evaporite successions observed across the western Mediter-
ranean including the lower evaporites (sub-unit 2d), mobile unit (sub-units 2b and 2c) and upper
evaporites (sub-unit 2a) are correlative with the Messinian succession observed across the eastern
Mediterranean except for the Nile deep sea fan area. The mobile package in most of the western
Mediterranean basins is clearly bounded above and below by two other Messinian Salinity Crisis
units: UU and LU, respectively. It is important to note that the mobile unit in the western Mediter-
ranean is much thinner (<500 ms, Lofi et al., 2011b and references herein) than that observed in the

eastern Mediterranean.

Sub-unit 2a-Upper evaporites (Upper Unit, UU)

The Upper Unit is the youngest succession in the Messinian trilogy, corresponding to the last stage
of the Messinian Salinity Crisis (CIESM, 2008; Roveri et al., 2008a,b; Manzi et al., 2014). It is

characterized by periodic salinity changes that occurred throughout the Mediterranean basin (east
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and west), and is recorded by alternating evaporites and clastic deposits containing brackish to fresh
water faunas (Hsii et al., 1973; CIESM, 2008). The upper evaporites of the Messinian Salinity Crisis
have been observed both in marginal and deep basins in the western and eastern Mediterranean (Lofi
et al., 2011b; Manzi et al., 2014).

In the Antalya Basin, sub-unit 2a is identified by a group of parallel and relatively continuous re-
flections of relatively high amplitude which correspond to six to seven gypsum horizons interbedded
with green dolomitic marlstone cored at the DSDP Sites 375 and 376 (Shipboard Scientific Party,
1978). In this study the M-reflector has been located between the upper evaporites (sub-unit 2a)
and the Lago Mare facies (lower sub-unit 1c) which is characterized by brackish water environments
(§ Chapters 3, 4). Such deposits are usually considered to have preceded marine re-flooding of the
Mediterranean (Cita and Colombo, 1979), but recent researches suggested that the upper evapor-
ites may have coexisted with the Lago Mare facies (Clauzon et al., 2005; Popescu et al., 2009). In
the deep Antalya Basin, the upper evaporite sub-unit 2a has a lateral continuity and near uniform
thickness, and is often faulted associated with the post-Messinian salt tectonics. In more proximal
areas, sub-unit 2a pinches out and/or onlaps the continental margin (further discussed below § Sec-
tion 7.1.3).

Previous studies show thick and widespread upper evaporite sequences in the deep western
Mediterranean basins, but indicated that this is not the case for the eastern Mediterranean deep
basins (Ryan 1978; Bertoni and Cartwright, 2007a; CISEM 2008; Lofi et al., 2011b). However,
high-resolution multi-channel seismic data and velocity analysis results used in this study support
the existence of an upper evaporite sub-unit across the deep basinal portion of the eastern Mediter-
ranean. The upper evaporite sub-unit exhibits notable variability in its acoustic character, suggesting
variable siliciclastic input from the landmass surrounding the eastern Mediterranean. For example,
large quantities of siliciclastic debris must have been transported into the Antalya Basin via the Aksu,

Koprii and Manavgat rivers and possibly (and periodically) the Seyhan, Tarsus, Goksu rivers through
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the deep canyon that transect the outer Cilicia Basin (Fig. 7.6, Akay et al., 1985; Poisson et al.,
2011). However, much less siliciclastic sediment arrived into the intermediate-depth Polemi Basin
in Cyprus. Conversely, the intermediate-depth Adana—Cilicia and Iskenderun—Latakia—Mesaoria
basin complexes must have received very large quantities of siliciclastic material via the Seyhan,
Tarsus, Goksu rivers in the west and the Ceyhan and Asi rivers in the east (Fig. 7.6). In the Lev-
antine and Herodotus basins, enormous quantities of siliciclastic input by the Nile River must have
overwhelmed the evaporative sedimentation in the region immediately north of the river mouth, thus
the apparent absence of sub-unit 2a in these proximal regions, but well developed sub-unit 2a in
distal regions. It is also important to note that, while the Messinian was generally a tectonic quite
interval, the Central Taurus and Misis mountains of central Turkey as well as the Kyrenia Range of
northern Cyprus were evolving, thus possibly providing additional sedimentary load to the rivers
draining Anatolia.

The results from this dissertation document that the Messinian evaporite successions (i.e., Unit 2)
across the deep eastern Mediterranean basins show remarkable similarities with their counterparts
across the deep western Mediterranean basins. These acoustic similarities strongly suggest similari-
ties in the basin evolution and sedimentary processes, but not necessarily the timing of these events,

as further discussed later.

7.1.3 Zero ms isopach of Messinian evaporites

The edge of the Messinian evaporite succession can be readily delineated across the eastern Mediter-
ranean (i.e., the zero ms isopach contour, Fig. 7.1). The zero ms isopach contour can be interpreted
as denoting (a) the depositional edge of the Messinian evaporites in the eastern Mediterranean and/or
(b) the final area of salt withdrawal associated with the weld development along continental margins,
and/or (c) considerable unidirectional Pliocene—Quaternary loading and major salt evacuation. All

the above appear to have developed across the eastern Mediterranean.
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Weld development and downslope salt migration

It is possible that the depositional edge of the Messinian evaporites was higher on the slope and either
during the loading of the Pliocene—Quaternary sediments or associated with gravitational downslope
migration, the evaporites assumed a deeper level along the basin edge. For example, Hall et al. (2014)
proposed two lines of evidence to argue that the depositional edge of the Messinian evaporite succes-
sion may have been much higher along the slope: (1) the widespread occurrence of evaporite deposits
in the Cilicia and Adana basins in the eastern Mediterranean suggests that the sea level must have
risen considerably sometime during the Messinian to allow evaporite deposition within these basins
which are situated 1500 m—2000 m above the present-day floor of the Antalya Basin, and (2) onland
studies clearly show that the Gebiz Formation in the Aksu, Kopriicay and Manavgat basins include
anhydritic and gypsiferous intervals, suggesting that these now onland basins must have been inun-
dated and were receiving evaporitic deposition during the Messinian (Akay and Uysal, 1985; Akay
et al., 1985). The occurrence of evaporites in the Cilicia and Adana basins as well as in the Aksu,
Koprii(cay) and Manavgat basins argues that evaporite deposits must have developed higher along the
slope and/or the surrounding continental shelves of the Antalya Basin during the Messinian. These
possibly thinner evaporite deposits may have migrated downslope during the Pliocene—Quaternary
mobilization of Unit 2 (Bridge et al., 2005; Isler et al., 2005), thus creating weld surfaces along much
of the present-day continental slope. Thus, the 0 ms isopach contour not only shows the present-day
edge of the evaporites, but also suggests that the bulk of the evaporite deposition has taken place in

the deeper parts of the Antalya Basin.

Wholesale evacuation of salt

During the Messinian Salinity Crisis large quantities of evaporites were also deposited across the
Herodotus Basin, extending southward into the area now occupied by the Nile delta (Ryan and Hsii,

1973, Sage and Letouzey, 1990). Loading of the ductile evaporitic layers by the thick Pliocene—
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Quaternary prograded delta successions from the south triggered the gravity-driven salt tectonics that
continue to the present-day in most of these areas (Ross and Uchupi, 1977, Sage and Letouzey, 1990,
Kempler et al.,1996, Gaullier et al., 2000, Loncke and Mascle, 2004, Loncke et al., 2006). Thus,
the distribution and thickness patterns of the Messinian successions observed today across the Nile
delta were highly affected by the salt tectonics which caused the northward spreading and/or glid-
ing of both the salt layer and its overburden (Loncke et al., 2006). During the Pliocene—Quaternary
rapid delta progradation must have resulted in the evacuation of the Messinian evaporite successions
from the Nile delta region, causing the southern limit of thick salt migrating northward through time
(Loncke et al., 2006). Today, the thickness of the Messinian evaporite succession is very thin in the
proximal area and it is ~3 km near the base of the slope, where the sediment overburden is neg-
ligible. Loncke et al. (2006) suggested that this pattern results from two fundamental processes:
(a) proximal sedimentary loading has induced some amount of seaward salt migration and distal in-
flation and (b) as the thick depocentres were translated seaward, the salt layer and its thin overburden
located downslope (from the depocentre) were pushed forward, bulldozed, and thickened. Across
the Herodotus Basin, the Pliocene—Quaternary sediment thickness is ~2.5 km, whereas salt reaches
thicknesses of up to 3 km toward the abyssal plain and 1 km toward the Eratosthenes Seamount
(Loncke et al., 2006).

The deep sea fan region of the Nile delta is divided into the eastern, central and western provinces,
with each province exhibiting notable geological patterns in (a) the subsalt tectonic architecture, in-
cluding active or dormant basement faults, (b) the dip and 3D geometry of the base salt, (c) the
estimated salt thickness when thin-skinned salt tectonics began, and (d) the presence of a Messinian
relief devoid of Messinian salt (Loncke et al., 2006). In the western province, the Messinian sedi-
mentation was lower than that in the central and eastern provinces. There is even evidence that no
salt was ever deposited in an area located about 100 km from the southern salt pinch-out (Loncke

et al., 2006). Montadert et al. (2014) suggested that during this period, most of the sediments that
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were delivered by the Nile River were diverted westward by the prominent Eratosthenes continental
block. In the central and western provinces, thickness variations of the Messinian successions follow
similar trends which are associated with higher sediment supply: very thin in the south — thicken-
ing toward the north, although with some variation occurs across salt rollers in listric growth faults
(Loncke et al., 2006).

Seismic data interpretations from the previous studies (Montadert et al., 2010a,b, 2014; Tari et
al., 2012; Aksu unpublished data) show that the Herodotus Basin has the thickest Messinian evap-
orite succession in the eastern Mediterranean area. Figure 7.1 shows that both the pinch-out of the
salt around the Eratosthenes Seamount, and the great thickness of evaporites across the Herodotus
Basin, reaching up to 2.5 s, are due to the flexure of the eastern Cyprus Arc. In the easternmost
regions of the Herodotus Basin and the south of the Eratosthenes Seamount the mobile Messinian
evaporite succession is ~1.4 s thick, but ~0.8 s thick east of the seamount. South and west of the
seamount, Loncke et al. (2006) proposed that loading of the salt layer and seaward gravity spreading
of the prograding sediments contributed to inflating of the distal salt layer, which encroaches onto the
base of the seamount. Therefore, Gaullier et al. (2000) suggested that the present-day limit of this
partly allochthonous salt mass lies higher and farther north than the initial depositional limit of the
autochthonous unit. Near the bathymetric scarp, local thickening of the Messinian succession layer
(up to 2000 ms-thick) is visible (Fig. 7.1). Loncke et al. (2006) also proposed that this thickening
might be explained by stacked up salt in nappes and overthrust salt.

The appearance of the Messinian evaporite succession pinchout both on the northern and south-
ern flanks of the Florence Rise and its characteristic erosional unconformity at the top of the rise tell
us that the Florence Rise was already a positice structure during the Messinian Salinity Crisis and
separates two main salt-bearing basins: the Antalya basin to the north and the Herodotus Basin with

distal tip of the Nile deep sea fan to the south (Montadert et al., 2010a,b).
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7.2 Role of the Sicily gateway during the Messinian Salinity Crisis

The chronology of the events associated with the Messinian Salinity Crisis is intrinsically linked with
the tectonic evolution of the western and central Mediterranean regions. This linkage has two impor-
tant components: (a) the evolution of the Betic and Rif gateways across the westernmost Mediter-
ranean which controlled the saline water influx into the Mediterranean during the Messinian Salinity
Crisis, and (b) the evolution of the Sicily gateway in the central Mediterranean which controlled the
saline water influx into the eastern Mediterranean, again during the Messinian Salinity Crisis. The
present-day depth of the Sicily sill is -430 m (Blanc, 2000). This depth suggest that in order for
the Sicily gateway to provide saline water influx into the eastern Mediterranean, the water level must
have risen to the breach depth of the sill, which would have probably terminated the deposition of the
evaporites across the western Mediterranean. The Messinian evaporite successions comprise a total
volume of about 10® km?, and reach thicknesses of up to 1500 m and 3500 m in the western and east-
ern Mediterranean deep basins, respectively, while thinner evaporite successions were deposited in
the marginal basins (Hsii et al., 1977). The present-day volume of the entire Mediterranean, if com-
pletely evaporated is not sufficient to create the thickness of the Messinian evaporites observed across
the Mediterranean region (e.g., Isler et al., 2005). Modelling done by Blanc (2000) clearly demon-
strated that the total quantity of the North Atlantic Surface Water that must have passed through the
Betic and Rif straits during the Messinian Salinity Crisis must have been between 75-100 times the
present-day volume of the Mediterranean Sea. This volume of saline water was needed to account for
the great thicknesses of evaporites deposited across the Mediterranean during the Messinian Salinity
Crisis. Therefore, in order to account for the massive thicknesses of evaporites in the Herodotus and
Antalya basins and to a lesser extent the Levantine, Cilicia and Latakia basins in the eastern Mediter-
ranean, the Sicily gateway must have been leaky during the deposition of the lower and upper mobile
units. The immediate ramification of this statement is this: “the lower and upper mobile units found

across the western and eastern Mediterranean basins cannot have been deposited synchronously in
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the eastern and western basins” (Blanc, 2000). If this statement is true, then any model proposed for
the evolution of the lower and upper mobile units in the eastern Mediterranean must further account
for a protracted period (or periods) when the Sicily sill must have remained within a “goldilocks”
zone which allowed just the right amount of saline water into the eastern Mediterranean region so
that evaporites were deposited there but not across the western Mediterranean region because the sea
level was at the breach-level of the Sicilian sill. A similar scenario was proposed for the Gibraltar
region where an intricate balance between erosion and uplift maintained the right amounts of saline
water influx into the western Mediterranean across the Betic and Rif gateways (Garcia-Castellanos
et al., 2009; Garcia-Castellanos and Villasefior, 2011). Was there a similar set of processes across
the Sicily gateway at some interval during the Messinian Salinity Crisis? These are further discussed

below.

7.2.1 Plate tectonics of the Betic, Rif and Sicily gateways

The plate tectonic evolution of the western Mediterranean involved a protracted history of subduc-
tion rollback and the associated wide-spread extension across the regions on the overriding plate,
including the development of the Ligurian Sea, Gulf of Lion and Valencia Trough, and eventually
the Alboran Sea (§ Chapter 1, Rosenbaum et al., 2002). Similarly, the plate tectonic evolution of the
central Mediterranean also involved subduction beneath the Calabrian Arc and the rollback of the
Ionian lithosphere associated with opening of the Tyrrhenian Sea as a back-arc basin (§ Chapter 1,
Malinverno and Ryan, 1986; Mattei et al., 2007; Cifelli et al., 2007). In both regions, lithospheric
slab detachment has been suggested as the most likely cause for the protracted uplift across the
Gibraltar Arc in the west (e.g., Garcia-Castellanos and Villasefior, 2011) and the Calabrian Arc in
the east (e.g., Chiarabba et al., 2008). Both regions have considerable importance for the develop-
ment of the Messinian Salinity Crisis: the evolution of the Gibraltar Arc controlled the depths of the

Betic and Rif gateways, whereas the evolution of the Calabrian Arc controlled the depth of the Sicily

362



Gateway (Fig. 7.17, Blanc, 2000).
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Figure 7.17: Paleogeography of the Mediterranean and environs during the Messinian (adopted from Popov
et al., 2004). Note that the only watermass communication between the Mediterranean and the world ocean

occur across the Gibraltar Arc region (i.e., the Betic and Rif gateways).

The evolution of the distinctive sedimentary successions associated with the Messinian Salin-
ity Crisis has several unique features and requirements. These unique features are: (a) the Betic
and Rif gateways formed the only water-mass communication between the Mediterranean and the

Atlantic Ocean during the Messinian (Fig. 7.17, Garcia-Castellanos and Villasefor 2011), (b) enor-
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mous quantities of evaporites precipitated during the Messinian Salinity Crisis, which requires the
evaporation of 75—100 times the volume of the Mediterranean (Blanc, 2000), (c) a 4-unit stratigraphy
(including sub-units 2a—2d) developed across the western and eastern Mediterranean region (Roveri
et al., 2014a,b, this study), (d) largest rivers flowing into the nearly-desiccated Mediterranean exca-
vated deep gorges exceeding ~2,500 m in Nile delta (Barber 1981) and ~1,000 m at the mouth of
the Rhone River (Clauzon, 1978, 1982), (e) the duration of the two main phases of evaporite depo-
sition (i.e., sub-units 2c and 2b) have been estimated at 360 and 270 kyr, respectively, on the basis
of the assumption that the 14 to 17 cycles observed in the gypsum deposited in sub-unit 2c are due
to Milankovitch precessional cycles of insolation (van der Laan et al., 2005, 2006), and (f) stron-
tium isotope data indicate that the deposition of sub-unit 2¢ took place in a restricted Mediterranean
with reduced connectivity with the Atlantic, whereas that of sub-unit 2b occurred in predominantly
continental waters with little or no connection to the ocean (Flecker and Elam, 2006).

The unique requirements for the evolution of the distinctive sedimentary successions associated
with the Messinian Salinity Crisis are: (a) a geologically feasible mechanism is needed for the closure
of the Betic and Rif gateways, (b) the evaporation of 75-100 times the volume of the Mediterranean
to account for the volume of evaporites deposited across the Mediterranean Sea dictates that the Betic
and Rif gateways must have been very shallow, but leaky, (c) the development of evaporites across
the eastern Mediterranean and the strontium isotopic data require a geologically feasible mechanism
for the closure of the Sicily Gateway, (d) the development of massive quantities of evaporites across
the eastern Mediterranean dictates that the Sicily Gateway must have been very shallow, but leaky,
and (e) the development of massive gypsum deposits at the basin margins indicating minor sea-level
drawdown, and the massive salt deposits across the deep basins requiring kilometre-scale sea-level
drawdown clearly document that multiple phases of filling and drawdown must have taken place,

requiring an eloquent mechanism for these large-scale sea-level oscillations.
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7.2.2 Depositional model

Any model that satisfies the above requirements must also take into account the morphological
changes that have taken place across the deep central Mediterranean basins since the Messinian.
Previous studies suggested that the Messinian morphology of the Mediterranean basins was simi-
lar to that observed today (e.g., Blanc, 2000). To confirm this, an east-west trending cross section
is constructed across the present-day Mediterranean, extending from the Gibraltar Strait across the
Alboran, Algerian and Baleric basins to the Sicily Strait, and then farther extending across the lo-
nian, Herodotus and Levantine basins (Fig. 7.18). This cross section formed the basis of a second
cross section where the thicknesses of the Messinian and Pliocene—Quaternary sediments are shown
(Fig. 7.19a). Finally, the approximate positions of the seafloor for the period immediately after the
onset of the Messinian Salinity Crisis and that immediately after the Zanclean flooding are calculated
by subtracting subsidence and compaction from the positions of the N- and M-reflectors (Fig. 7.19b).
This exercise clearly illustrated the first order similarities, but also the dissimilarities between the
cross-sectional morphology between the early Messinian, Zanclean and present-day seafloor.

One of the very critical findings of this study is the requirement that the two major Messinian
evaporite mobile sub-units (i.e., 2c and 2d) must have developed first across the eastern Mediter-
ranean. This may have taken place as (a) sub-unit by sub-unit, that is sub-unit 2¢ deposited in the
east first and then followed by sub-unit 2¢ deposition in the west, then sub-unit 2b deposition in the
east, the followed by sub-unit 2b deposition in the west, or (b) as sub-units 2c+2b were deposited
in the east, followed by sub-units 2c+2b deposition in the west. Regardless whether the former of
the latter is correct, the most critical region for the evaporite deposition across the eastern Mediter-
ranean is the Sicily Gateway, because as already discussed earlier the only source for the saline water
for the eastern Mediterranean evaporites was the Atlantic Ocean, and many volumes of present-day
Mediterranean were need to form the observed thicknesses of evaporites across the deep eastern

Mediterranean basins. But, what kind of a process kept the Sicily Gateway at a most critical water
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Figure 7.18: Shaded relief map of the Mediterranean Sea, where the high-resolution EMODnet (European

Marine Observation and Data Network, Portal for Bathymetry, http://www.emodnet-hydrography.eu/) data

are gridded and contoured using Global Mapper. The bathymetric profile is also created using Global Map-

per. Note that the Strait of Sicily defines a prominent bathymetric feature separating the eastern and western

Mediterranean seas.
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Figure 7.19: (a) East-West cross sections across the Mediterranean Sea, showing the present-day seafloor
(taken from Figure 7.16) and the positions of the M- and N-reflectors. The position of the M-reflector is calcu-
lated using the thickness of the Pliocene—Quaternary sediments (IOC, 1993), whereas that of the N-reflector
is calculated using the IOC (1993) data for the western and central Mediterranean and the seismic data used
in this study for the eastern Mediterranean. (b) The approximate position of the seafloor for the period im-
mediately after the onset of the Messinian Salinity Crisis and that immediately after the Zanclean flooding
are calculated by subtracting subsidence and compaction from the positions of the N-and M-reflectors. Sub-

3 is calculated using the

sidence ¢ (km) for an x (km) thickness of sediment with specific gravity of 2.0 g cm™
equation [t = x/2.3]. Average compaction is taken as 40% for the Pliocene—Quaternary siliciclastic succes-

sions (Allen and Allen 2005) and 20% for the Messinian evaporite successions (Warren 2010). Base levels

for the western and eastern Mediterranean seas are from Blanc (2000). Location is shown in Figure 7.16.
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depth which allowed the just the right amount of saline water inflow into the eastern Mediterranean
for evaporative drawdown, but never high enough to fill the eastern Mediterranean to the breach
depth of the Sicily Gateway? The immense literature that exists on the Messinian Salinity Crisis is
mute about this.

A very similar question can be asked for the Betic and Rif gateways. As discussed before, both
the Betic—Rif gateways and the Sicily Gateway experienced protracted uplift during the Messinian
as part of the arc rollback and the associated slab tear across the Gibraltar and Calabrian arcs, re-
spectively. Garcia-Castellanos and Villasefior (2011) proposed a very eloquent model for keeping
the Betic and Rif gateways at the most critical water depth which only allowed the right amount
of saline water inflow from the Atlantic Ocean into the western Mediterranean for evaporite depo-
sition there, but never filling the western Mediterranean to the breach depth(s) of the Betic and/or
Rif gateways (Figs. 7.20b, 7.21). These authors carried out laboratory experiments to show that
competition between uplift and erosion results in harmonic coupling between erosion and inflow
of Atlantic water into the Mediterranean, and that in the case of the Gibraltar Arc region the tec-
tonic uplift was balanced by erosion caused by inflowing Atlantic water (Figs. 7.20b, 7.21). These
experiments and their results provided an alternative mechanism for the cyclicity observed across
the lower evaporite unit (i.e., the 14-17 gypsum cycles) across the western Mediterranean (Garcia-
Castellanos and Villasefior, 2011). This model raises the question whether a similar process also
occurred across the Calabrian Arc keeping the Sicily Gateway at the critical water depth to allow
just the right amount of saline water inflow from the Atlantic Ocean via western Mediterranean
(Figs. 7.20a, 7.21). Anything other than a very balanced inflow would either have completely desic-
cated the eastern Mediterranean or filled it to the breach depth of the Sicily Gateway. The occurrence
of evaporites (both halite and gypsum) across the intermediate water depth Adana, Cilicia, Latakia,
Iskenderun, Mesaoria basins across the northeastern sector of the eastern Mediterranean suggests

that the rates of saline water inflow across the Sicily Gateway and the rate of erosion of the Sicily sill
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may not have been perfectly balanced during some intervals across the Messinian. This speculative
idea requires further investigating because of the Sicily Gateway is the only source for saline inflow
into the eastern Mediterranean, which must also fulfill many critical requirements of the Messinian

evaporite deposition across the eastern Mediterranean (see § 7.3 below).
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Figure 7.20: (a) Schematic east-west cross sections across the Mediterranean showing the possible interplay
between the rates of erosion across the Betic and Rif gateways and rates of the uplift across the Gibraltar Arc
(modified from Garcia-Castellanos and Villasefior, 2011). (b) Schematic east-west cross section across the
Mediterranean showing the proposed interplay between the erosion rates across the Sicily Gateway and the

rates of uplift across the Calabrian Arc.

Figures 7.22—7.24 schematically illustrates the evolution of the sub-units 2d through 2a across
the Mediterranean Sea. During the Late Miocene the Mediterranean Sea was fully connected to
the global ocean and was receiving normal marine sedimentation (Fig. 7.22a). During the early

Messinian, the subduction rollback along the Gibraltar Arc (e.g., Rosenbaum et al., 2002) and the
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Figure 7.21: Schematic diagram showing the interplay between erosion and uplift leading to the deposition
of evaporite minerals (adopted from Garcia-Castellanos and Villasefior, 2011). Erosion at the sill (whether
Betic and Rif or Sicily) is controlled by rock erodibility and water inflow. Head loss= the elevation difference

between the Atlantic Ocean and the western Mediterranean or that in the western and eastern Mediterranean.

associated lithospheric slab tear (e.g., Duggen et al., 2003) resulted in the uplift of the Betic and Rif
gateways, restricting the watermass exchange between the Mediterranean Sea and the global ocean
(Fig. 7.22b, Garcia-Castellanos and Villasefior, 2011). At this stage, all other waterways formerly
connecting the Mediterranean to the Indian Ocean to the south and east were closed (e.g., Popov
et al., 2004, 2006). The initial drawdown of 100’s of metres resulted in gypsum deposition along
the shallow nearshore basins, also known as the Primary Lower Gypsum (Roveri et al, 2008a, b;
Manzi et al., 2014). With time, the further drawdown and the onset of incision of river gorges
facilitated the transport of the Primary Lower Gypsum downslope into the deeper basins across the
eastern and western Mediterranean: these deposits are known as the Resedimented Lower Gypsum
(Roveri et al., 2008a, b, Manzi et al., 2014), or sub-unit 2d in this study (Fig. 7.22¢). During the
later portion of the deposition of sub-unit 2d, the drowdown that resedimented the Primary Lower

Gypsum deposits notably restricted the water exchange across the Sicily Gateway. During this time,
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the uplift of the Gibraltar Arc also restricted the water exchange between the Atlantic Ocean and the

western Mediterranean (Fig. 7.22c).
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Figure 7.22: Schematic east-west cross sections (base is from Figure 7.18) showing the development of sub-
unit 2d, Primary Lower Gypsum, and Resedimented Lower Gypsum across the eastern and western Mediter-

ranc€an.

The uplift of the Calabrian Arc further restricted the circulation across the Sicily Gateway and
the eastern Mediterranean experienced a major drawdown and the associated halite deposition across
the intermediate and deep basins (Fig. 7.23d). The presence of enormous quantities of salt across the
Herodotus and Antalya basins indicate that the Sicily Gateway provided considerable quantities of
saline Atlantic water, possibly via a process of balanced erosion and uplift across the Sicily Gateway,

akin to the process proposed for the Betic and Rif gateways by Garcia-Castellanos and Villasefior
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(2011). This process must have taken place for a considerable period, leading to the deposition of
sub-units 2c and 2b across the eastern Mediterranean (Fig. 7.23d). Van der Laan et al. (2005, 2006)
estimated the duration for the deposition of the mobile units at 270 kyr, on the basis of the assumption
that the 14 to 17 cycles observed in the gypsum deposited in sub-unit 2c are due to Milankovitch pre-
cessional cycles of insolation. Further uplift of the Calabrian and Gibraltar arcs and the resultant fur-
ther restriction of the Betic and Rif gateways led to a notable drawdown, which must have isolated the
eastern and western Mediterranean, as the Sicily Gateway became subaerial (Fig. 7.23e). The rapid
evaporation must have rendered the eastern Mediterranean largely desiccated and possibly erosional,
while massive halite sedimentation occurred across the western Mediterranean (Fig. 7.23e). A bal-
ance between the rates of uplift and erosion kept the Betic and Rif gateways within the “goldilocks”
zone, supplying the needed saltwater into the western Mediterranean.

During the later portion of the Messinian Salinity Crisis, the Mediterranean became completely
isolated from the global ocean and probably became largely desiccated and erosional (Fig. 7.23f).
The reconnection near the end of the Messinian Salinity Crisis is envisioned to affect the western
Mediterranean first, and a thin series of interbedded gypsum and siliciclastic successions were de-
posited: this is referred to as sub-unit 2a. Further rise led to the deposition of the transgressive
brackish water environment with the distinctive Lago Mare fauna (Fig. 7.24g). Only after the sea-
level reached the breach depth of the Sicily Gateway, did the reflooding of the eastern Mediterranean
took place (Fig. 7.24h), where initially the interbedded gypsum and siliciclastics were deposited,
which are overlain by the sediments with the Lago Mare fauna. The final Zanclean flooding raised

the sea level to ~30 m above the present, ending the Messinian Salinity Crisis (Fig. 7.241).

7.3 Summary and future work

At the opening paragraph of the chapter it is stated that “the Messinian evolution and history of

the Mediterranean is one of the most extensively studied topics across Europe, but also globally”
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and that some authors suggest synchroneity of evaporite deposition across the marginal and deep
Mediterranean regions (e.g., Hsii et al., 1973), others suggested a two-step event where the deposition
of evaporites initially started across the marginal basins and subsequently developed within the deep
basins (e.g., Clauzon et al., 1996), yet others suggested a completely diachronous evolution of the
evaporites across the marginal basins and deep basins of the eastern and western Mediterranean
basins (e.g., Butler et al., 1995; Roveri et al., 2014a,b).

My study favours the recent non-synchronous depositional model across the marginal basins and
deep basins of the Mediterranean, suggested by Roveri et al. (2008a,b). However, this study does
not support the more recent study of an attempt at correlating western and eastern Mediterranean
Messinian seismic units has been suggested by Lofi et al., (2010) and Roveri et al. (2014a, b). Their
results show that the western Mediterranean Messinian stratigraphy was not similar to the eastern
Mediterranean. They suggested that the Messinian Salinity Crisis is largely recorded by a 4-division
evaporite stratigraphy in the western Mediterranean and a single salt-bearing seismic unit in the
eastern Mediterranean (Fig. 7.25; Roveri et al., 2014a,b).

This study targeted the Antalya Basin and Florence Rise regions of the eastern Mediterranean
which were not previously studied in detail, but also incorporated data from areas such as the Adana,
Cilicia, Latakia, Cyprus, Rhodes and Finike basins. The results of this study clearly demonstrated
the presence of a 4-division Messinian evaporite stratigraphy in the eastern Mediterranean, similar
to that observed in the western Mediterranean, suggesting the existence of a similar set of deposi-
tional processes across the Mediterranean during the Messinian Salinity Crisis (Figs. 7.25a, 7.26;
e.g., CIESM, 2008; Lofi et al., 2011a, b; Roveri et al. 2014a). However, the stratigraphic and de-
positional similarities of the evaporites between the eastern and western basins do not necessitate
synchroneity in their depositional histories. The evidence of enormous quantities of evaporites pre-
cipitated in the eastern Mediterranean, and the fact that the only saline water source for the eastern

Mediterranean is the Atlantic Ocean via the Sicily sill (a physical barrier between the eastern and
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Figure 7.25: Schematic conceptual sketches across the western (a) and eastern (b) Mediterranean basins.
(a) Showing that Messinian Salinity Crisis is largely recorded by 4-division evaporite stratigraphy in the west-
ern Mediterranean. (b) showing that Messinian Salinity Crisis is recorded by a single salt-bearing seismic unit
in eastern Mediterranean (adopted from Roveri et al., 2014a,b). Onshore units: PLG= Primary Lower Gyp-
sum; H= halite; RLG= Resedimented Lower Gypsum; UG= Upper Gypsum; LM= Lago Mare; Offshore units:
LE= Lower Evaporites; LU= Lower Unit; H= Messinian Salt; MU= Mobile Unit; UE= Upper Evaporites=UU,
Upper unit Surfaces: MES= Messinian erosional surface/marginal erosional surface. Base of Messinian evap-
orites: horizon N = BES, basal erosional surface/BS, basal surface; Top of the Messinian evaporites: horizon

M= TES, Top erosional surface/Top Surface.
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western Mediterranean), collectively impose several critical environmental conditions. A simple 2-
D model is developed which satisfies these conditions (Figs. 7.22, 7.23, 7.24). The model suggests
that the eastern and western basin margins experienced a nearly synchronized gypsum deposition
associated with the initial drawdown of the Mediterranean level, followed by the resedimentation
in the deep basins of the terrigenous and early evaporite deposits as the drawdown intensified. The
synchroneity of evaporite deposition across the eastern and western basins broke down as the Sicily
Gateway became largely subaerial during a period when the Calabrian Arc area experienced up-
lift associated with slab break-off: the Sicily sill must have remained within a “goldilocks” zone
to allow the right amount of saline water inflow into the eastern Mediterranean so that evaporites
(massive halite) could be deposited. During this time, the sea level in western Mediterranean was at
the breach-level of the Sicily sill, thus no evaporite deposition took place there. The model suggests
that further restriction of the inflow occurred across the Betic and Rif gateways as these regions also
largely became subaerial associated with the uplift of the Gibraltar Arc region caused by the litho-
spheric slab break-off. However, similar to the Sicily Gateway, the Betic and Rif gateways must also
have remained within the “goldilocks” zone to allow the right amount of saline water inflow into
the western Mediterranean so that massive halite could be deposited. The re-opening of the Betic
and Rif gateways reflooded the western Mediterranean first, then the eastern Mediterranean allowing
the deposition of a mixed evaporite-siliciclastic unit, followed by the transgressive sediments with a
distinctive brackish water Lago Mare fauna.

Despite the fact that there is an immense literature on the Mediterranean in general, and the
Messinian Salinity Crisis in particular, many ideas associated with this important scientific question
unfortunately remain speculative. Introduction of data from previously poorly studied regions of
the Mediterranean have brought some clarification, such as the presence or absence of evaporites in
certain regions, the details of the internal architecture and stratigraphy of the evaporite successions,

but fail to erect a solid chronostratigraphic framework on which to build detailed model that explains
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Figure 7.26: High-resolution multi-channel seismic reflection profile D clearly showing the internal architec-
ture of Unit 2 with the presence of a 4-division Messinian evaporite stratigraphy in the eastern Mediterranean,

similar to that observed in the western Mediterranean (Fig. 7.25). Location is shown in Figure 4.1. EMED10
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the temporal and spatial variations of the Messinian evaporite successions. What is needed to do this?

e Several boreholes and continuous cored sections are needed to that recover the entire Messi-
nian evaporite successions from several basins across the eastern and western Mediterranean,
where sediments can be accurately dated and the environment of deposition can be delineated

using detailed sedimentological, stratigraphic, geochemical and micropaleontological studies.

e Detailed studies across the Suez and Sinai regions to determine whether another connection
with the world ocean existed across these areas during the Messinian, because all existing
models and thinking assume that the Gibraltar Arc region, specifically the Betic and Rif gate-
ways formed the only water-mass communication between the Mediterranean and the global

ocean.

e The Sicily Gateway appears to be a critical region that controlled the water-mass exchange be-
tween the eastern and western Mediterranean. The tectonic evolution of this gateway, particu-
larly the protracted uplift of the Calabrian Arc region associated with lithospheric slab break-
off must be viewed in developing models that explain how the Sicily sill remained within a
“goldilocks” zone that allowed the right amount of saline water inflow into the eastern Mediter-

ranean so that large quantities of evaporites could be deposited.
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Chapter 8

CONCLUSIONS

This study targeted the Antalya Basin and Florence Rise regions of the eastern Mediterranean which
were not previously studied in detail. My work has provided new seismic data and geological in-
terpretation in the southern Antalya Basin, the Florence Rise and Anaximander mountains enabling
me to fill a significant knowledge gap in the Messinian story and so allowing me to come to new
conclusion on the Messinian-Recent history of this part of the Mediterranean and it is implications
for the regional evolution of the entire Mediterranean Sea. This thesis presented for the first time a
detail stratigraphic framework of the study area and described the distribution of the Messinian evap-
orite successions, which is used to develop a stratigraphic model to better understand the Messinian
depositional history of the study area in the content of the entire Mediterranean Sea and also deter-
mined the Miocene—Recent structural framework of the study area and delineated the overall style
of deformation in the uppermost Messinian—Quaternary successions and explained how and when
the deformation formed, and what controls its distribution in the western Cyprus Arc.

The interpretation of a comprehensive set of high-resolution multi-channel seismic reflection
profiles, multibeam bathymetry data and the litho- and bio-stratigraphic information from explo-
ration wells across the Antalya Basin and Florence Rise, but also incorporated data from areas such

as the Adana, Cilicia, Latakia, Cyprus, Rhodes and Finike basins in the eastern Mediterranean re-
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vealed the following specific salient conclusions, which are divided into three categories: (a) general

stratigraphy, (b) tectonic framework and (c) Messinian Salinity Crisis.

8.1 General stratigraphy

e Miocene to Recent sedimentary successions across the western Cyprus Arc, including the Flo-
rence Rise and the Antalya Basin were characterized using three seismo-stratigraphic units,
which are separated from one another by the prominent M- and N-reflectors. These units are:
(a) Unit 1 is characterized by acoustically strongly reflective package where reflectors show
considerable lateral continuity. It is uppermost Messinian—Quaternary in age and is composed
predominantly of siliciclastic sediments; (b) Unit 2 is characterized by an acoustically transpar-
ent package with occasional weak reflectors with limited lateral continuity. It is Messinian in
age and represents the evaporites and the interbedded siliciclastic successions, and (c) Unit 3 is
characterized by a reverberatory seismic package with variable lateral continuity. It represents

the undifferentiated pre-Messinian Miocene and older siliciclastic and carbonate successions.

e The uppermost Messinian—Quaternary Unit 1 is divided into three subunits (la—1c). Sub-
unit 1a is correlated with the Quaternary to late Pliocene of the shallow marine and terrestrial
Apolos and Kakkaristra formations in the Mesaoria Basin as well as the as well as the Pleis-
tocene Antalya Tufa and Belkis conglomerate in southwestern Turkey. Subunit 1b is tentatively
correlated with the Middle-Upper Pliocene marls of the Athalassa Formation of the Mesaoria
Basin and the Alakilise Formation in southwestern Turkey. Subunit 1c¢ corresponds to Early
Pliocene — uppermost Messinian. The upper portion of Subunit 1c is correlated with early
Pliocene slumped marl successions of lithostratigraphic Unit IV of the DSDP Sites 375 and
376. It is further tentatively correlated with the Nikosia and Mirtou formations of the Mesaoria

Basin and Kyrenia Mountains respectively. The lowermost portion of Subunit 1c is tentatively
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8.2

correlated with the marlstones and interbedded graded sandstones and siltstones of middle to

upper Unit V of the DSDP Sites 375-376 (i.e., the sediments with Lago Mare fauna).

The M-reflector corresponds to the bounding erosional surface marking the top of the Messi-
nian evaporite successions, and separating these from the uppermost Messinian sediments
with a distinctive Lago Mare fauna which form the lowermost portion of Subunit 1c. Although
the sediments with the Lago Mare fauna are viewed as part of the Messinian Salinity Crisis
they occur immediately above the M-reflector. Unlike many studies across the Mediterranean
where the top unit surfaces (associated with the Messinian Salinity Crisis) are indicated as
MES (or Messinian erosional surface/marginal erosional surface), TES (or top erosional sur-
face) and/or TS (or top surface), and basal surfaces are indicated as BES (or basal erosional
surface) and BS (basal surface; Lofi et al., 2005, 2011b; Maillard et al., 2006; CIESM, 2008;
Roveri et al., 2014a-c), the marine high-resolution multi-channel seismic reflection profiles
do not allow the differentiation of these specific terms, even though this terminology is also
carried into the marine realm by many studies (Lofi et al., 2005, 2011b; Maillard et al., 2006;
CIESM, 2008; Roveri et al., 2014a-c). In this study, the top unit surfaces, including MES,
TES and TS are collectively indicated by the M-reflector, whereas the base unit surfaces, such

as BES and BS are indicated by the N-reflector.

Tectonic and kinematic evolution

The pre-Messinian Miocene structural architecture of the Antalya Basin and its southwest-
ern extension into the Florence Rise is characterized by a very prominent broadly northwest-
southeast striking and largely southwest verging fold thrust belt, with occasional northeast
verging back-thrusts. During the Messinian a number of prominent thrusts remained active;

however, numerous thrusts which were active during the pre-Messinian Miocene became inac-
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tive. During the Pliocene—Quaternary the strain was partitioned into five broadly northwest-
southeast trending morpho-tectonic domains, each delineated by a distinctive seafloor mor-
phology: (a) a domain across the inner and western Antalya Basin is dominated by extensional
faults, (b) a domain immediately south of the extensional faults, is characterized by contrac-
tional structures, (c) a halokinetic zone in southwestern Antalya Basin north of the foothills of
the Anaxagoras Mountain is characterized by numerous positive flower structures beneath a
corrugated seafloor, (d) a domain across the crestal portion of the Florence Rise is dominated
by prominent inversion structures, and (e) a domain across the northeastern and southwestern

margins of the Florence Rise characterized by positive flower structures.

There was an uppermost Messinian—Quaternary basin in the general region of the present-
day crest of the Florence Rise, but this basin became dramatically inverted sometime during
the Quaternary. Seismic reflection profiles from the Florence Rise sector of the study area
suggest that some of the inversion-related structures may also involve varying amounts of
fluid escape and mud diapirism. Fluids are present in underconsolidated sediments beneath
and within Messinian deposits, arising from the conversion of gypsum to anhydrite and/or
as an expulsion product of the intercalated siliciclastics during the early diagenesis. These
fluids escape from beneath and within mobile Messinian deposits and create mud volcanoes

or dissolution craters.

In inner and western Antalya Basin northwest-southeast striking extensional faults clearly ex-
hibit strike slip components. These faults can be readily traced toward the land, linking with

the dextral strike slip Kirkkavak Fault and the dextral Aksu Fault zone.

The Texel mud volcano and its feeder channel across the pre-Messinian Miocene successions
are clearly imaged in the industry seismic reflection profiles. However, high-resolution multi-

channel seismic reflection profiles further illustrate that the core of this structure is also exten-
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8.3

sively cut by several bi-vergent thrust faults. Some of the faults that bound the positive flower
structures have listric trajectories and sole deep within the Messinian successions, suggesting
that these structures must have developed by the reactivation of the pre-existing Messinian
and/or pre-Messinian Miocene structures. Growth strata observed in the upper portion of the
uppermost Messinian—Quaternary successions suggest that these structures developed during

the Pliocene—Quaternary.

The middle portion of Unit 1 (i.e., the middle portion of the uppermost Messinian—Recent)
is an interval of major tectonic upheaval across the southern portion of the forearc region.
Across the Florence Rise and the southern sector of the Antalya Basin, this interval is marked
by a conspicuous unconformity, which toward the deeper Antalya Basin becomes conformable
within the strongly stratified Unit 1 successions. This unconformity, labeled as the y-reflector,
is best imaged across the crestal region of the Florence Rise, where a former basin that ac-
cumulated a thick succession during the early uppermost Miocene—Recent became inverted

during the middle Uppermost Messinian—Recent.

Sediments associated with the Messinian Salinity Crisis

In the Antalya Basin and Florence Rise the lowermost portion of sub-unit 1c (i.e., the Lago
Mare) and the entire Unit 2 represent the deposition associated with the Messinian Salinity
Crisis. The very thick development of Unit 2 across the Antalya and Herodotus basins exceed-
ing 2000 ms (~4-5 km) suggested that these regions must have been primary evaporite basins

in the eastern Mediterranean during the Messinian.

This study documented for the first time that there are four distinct seismic stratigraphic sub-
units (i.e., 2a—2d) within the Messinian evaporite successions of Unit 2, which are separated

from one another by regionally traceable a-, -, and J-reflectors. Comparisons between the
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high-resolution seismic reflection profiles from the Antalya Basin and those from the northern
Levantine, Cyprus, Cilicia, Adana, Latakia, Finike and Rhodes basins clearly show that there
are remarkable similarities in the stratigraphic architecture and internal acoustic makeup of
the Messinian evaporite successions between these regions, which in turn suggests eastern-
Mediterranean-wide similarities in the sedimentary processes and basin evolution. The doc-
umentation that the Messinian sub-units also occur across the eastern Mediterranean further
suggests that there are greater sedimentary and seismic stratigraphic similarities between the
western and eastern Mediterranean basins than previously thought, implying a common basin
evolution and sedimentary processes during the Messinian Salinity Crisis along the entire

Mediterranean region.

The edge of the Messinian evaporite succession is delineated across the eastern Mediterranean
as the zero ms isopach contour, which may represent: (a) the present-day depositional edge
of the evaporites in the eastern Mediterranean suggesting that bulk of the evaporite deposi-
tion has taken place in the deeper parts of the Antalya Basin and/or (b) the final area of salt
withdrawal associated with the weld development along continental margins, and/or (c) con-

siderable unidirectional Pliocene—Quaternary loading and major salt evacuation.

The Messinian evaporite successions are very thin and patchy across the continental shelves
and slopes, but reaches ~3-5 km across the Herodotus and Antalya basins and to a lesser thick-
nesses across the Levantine, Cilicia and Latakia basins. The volume of the eastern Mediter-
ranean is clearly insufficient to provide the salt needed for these massive thicknesses, suggest-
ing that the Sicily Gateway must have been leaky during the deposition of the lower and upper
mobile units. The immediate ramification of this statement is this: “the lower and upper mobile
units found across the western and eastern Mediterranean basins cannot have been deposited
in synchroneity”, and that any model proposed for the evolution of the lower and upper mobile

units in the eastern Mediterranean must account for a protracted period (or periods) when the
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Sicily sill must have remained within a “goldilocks” zone, allowing just the right amount of
saline water inflow into the eastern Mediterranean so that evaporites were deposited there but
not across the western Mediterranean region because the sea level was at the breach-level of

the Sicilian sill.

One of the very critical findings of this study is the requirement that the two major Messi-
nian evaporite mobile sub-units (i.e., 2b and 2c) must have developed first across the eastern
Mediterranean. This may have taken place as (a) sub-unit by sub-unit, that is sub-unit 2c
deposited in the east first and then followed by sub-unit 2c deposition in the west, then sub-
unit 2b deposition in the east, the followed by sub-unit 2b deposition in the west, or (b) as
sub-units 2c+2b were deposited in the east, followed by sub-units 2c+2b deposition in the

west.

The chronology of the events associated with the Messinian Salinity Crisis must have been
intrinsically linked with the tectonic evolution of the western and central Mediterranean re-
gions. This linkage has two important components: (a) the evolution of the Betic and Rif gate-
ways across the westernmost Mediterranean which controlled the saline water influx into the
Mediterranean during the Messinian Salinity Crisis, and (b) the evolution of the Sicily Gate-
way in central Mediterranean which controlled the saline water influx into the eastern Mediter-
ranean, again during the Messinian Salinity Crisis. The tectonic evolution of the Gibraltar Arc
in the west and the Calabrian Arc across the central Mediterranean must have played critical
roles in keeping the Betic and Rif gateways and the Sicily Gateway within the “goldilocks”

zone.
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Figure A.1: Uppermost Messinian—Recent tectonic map of the eastern Mediterranean. Map is compiled by Aksu using data from (a) Florence Rise (Giines, this thesis); (b) Rhodes and Finike basins, Anaximander Mountains (Hall et al., 2009, Aksu et al., 2009, Cranshaw, 2010, Barnes, 2015), (c) Adana, Cilicia, Latakia, Iskenderun basins (Aksu
et al., 2005, 2014a,b, Hall et al., 2005a,b, Walsh-Kennedy et al., 2014), (d) offshore Israel, offshore Lebanon, Levantine Basin (Carton et al., 2009, Gvirtzman et al., 2010, Gardosh et al., 2008b), (e) Eratosthenes Seamount, Herodotus Basin (Montadert et al., 2010, Skiple et al., 2012), (f) offshore Syria (Bowmann 2011), and (g) Nile delta (Mascle
et al., 2000, Abd-Allah et al., 2012). The coastline is from the International Bathymetric Charts of the Mediterranean (IOC, 1981). Brown lines = thrust faults with triangle ticks on hanging wall, red lines = normal faults with rectangular ticks on hanging wall, green lines = strike slip faults with purple half arrows showing slip direction, green fill

= ophiolites. This figure is also shown in Figure 6.5.



