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Abstract

The Neogene structural and sedimentary evolution of the Outer Cilicia Basin is
investigated using marine multi-channel seismic data collected during a 1992 survey. The
Cilicia Basin is a relatively shallow Neogene basin, which is located on the Aegean-
Anatolian microplate in the fore-arc region of the Cyprean Arc. The basin’s evolution is
recorded in four main stratigraphic units each separated by laterally extensive erosional
unconformities. These units from youngest to oldest are: Unit I- Pliocene-Quaternary
aged siliclastics, Unit 2 - Messinian aged evaporites, Unit 34 - mid- to late-Miocene aged
marls and chalks, and Unit 3B - Oligocene to mid-Miocene aged marls and turbidite
deposits. The deformation of these sequences, throughout the basin’s history, gives rise to
both compressional and extensional structures, largely affected by the ductile salt layer

The structural evolution of the Outer Cilicia Basin can be separated into two main
phases. The first is a compressional phase which began in Miocene time in association
with convergence along the Cyprean Arc. During this phase, a south-verging thrust belt
developed directly south of the Outer Cilicia Basin. Since the mid-late Miocene, the
basin has evolved on the back limb of the thrust system. A second evolutionary phase
began in Pliocene time, coinciding with the initiation of westward escape and rotation of
the Aegean-Anatolian microplate. The Pliocene-Quaternary succession is primarily
affected by two main types of structures: 1) Transtensional faults, which provide

accommodation for strain induced in the basin by the westward escape of the microplate,
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and 2) Salt tectonic structures, which develop in association with the basin-ward flow of

salt, driven by gravitational forces and sedimentary loading.
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sediment. The post-Miocene faulting associated with this structure appears to be high
angle and strike-slip related (Ben-Avraham et al., 1995). Further evidence that this ridge
is indeed a plate boundary is the change in basement structure across the ridge, which
suggests that the two sides had different tectonic histories prior to the Tertiary (Vidal et
al., 2000). Earthquake data in this area show no strong intermediate depth earthquakes,
suggesting that subduction is not taking place along this portion of the arc (Papazachos
and Papaioannou, 1999). The shallow seismicity recorded is scattered over a broad zone
and does not give conclusive evidence for the location of the plate boundary (Rotstein
and Kafta, 1982). The structure of the Latakia and the other associated ridges suggest
that they formed as large thrust systems prior to the late Miocene, but strike-slip faulting
dominates their more recent activity (Ben-Avraham et al.,1995). The intervening basins
show varied dimensions, lateral changes in the thickness of sediment infill, and both
compressional and extensional structures (Ben-Avraham et al.,1995). This evidence

suggests that the eastern Cyprean arc is presently mainly a strike-slip margin.

1.4.2. Interaction between the Aegean-Anatolian and Arabian plate

The interaction between the Aegean-Anatolian and Arabian plates involves both
continental collision and strike slip activity. In the far eastern portion of the Aegean-
Anatolian plate, north dipping subduction of the Arabian plate occurred from the late
Cretaceous to Middle Miocene, followed by continental collision along the Bitlis suture

zone in mid to late Miocene time (see Figure 1.1) (Dewey et al., 1986). The
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extension of the EATF (the Amanos fault) and the Dead Sea Fault have a complicated
relationship within the Amik basin, which forms the southern part of the Hatay graben
(Perincek and Cemen, 1990). Other workers believe that the left lateral strike slip motion
along the EATF does not extend even as far as the Maras region and that the fault zone is
dominated by compression, with only minor strike-slip components, in that region
(Lyberis et al., 1990). Regardless the interpretation of the extent of the fault zone, most
authors agree that the EATF’s sinistral motion provides the southern accommodation of

the westward escape of the Aegean-Anatolian microplate.

1.4.3. Interaction between the African and the Arabian plates

The interaction between the African and Arabian plates involves rifting and strike
slip motion along the Dead Sea fault zone. The Dead Sea fault is 1000 km long and
extends from the Red Sea in the south, through the Dead Sea and the Gulf of Agaba, up to
the EATF in the north (Lyberis, 1988) (see Figure 1.1). The fault activated in the late
Miocene and accommodates the more rapid northern movement of the Arabian plate with
respect to the more slowly northward moving African plate (Lyberis, 1988). Most of the
fault zone is undergoing active rifting, with the exception of the most northern portion
which undergoes only left lateral strike slip motion (Prodehl et al., 1997). This northern
portion extends from the Red Sea as a single fault zone but then splinters into several
branches at the Syria-Turkey boundary (Perincek and Ceman, 1990) (see Figure 1.8).

These branches form the boundaries of north-south oriented, fault bounded basins seen in
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this area. One of the more important of these basins, is the Amik basin (thought to be a
part of the larger Hatay graben) which formed due to interactions between the EATF
andthe Dead Sea fault and may contain the join between the two faults (Perincek and
Cemen, 1990; Saroglu et al., 1992). Earthquake fault plane solutions indicate that along
the fault trace left lateral strike slip with a strike of N 80-10° E occurs (Nur and Ben-
Avraham, 1978). To the west and to the east of the main fault trace, faulting has been
recorded with normal components and with thrust components, respectively. Based on
stratigraphic and structural evidence, the fault appears to be slipping at a rate between

0.65 and 1.0 cm/yr (Nur and Ben Avraham, 1978).

Some workers (Mascle et al., 2000) suggest the presence of a microplate between
the African and Arabian plates, known the as Sinai microplate (see Figure 1.9). The Sinai
microplate is bounded by the Dead Sea Transform to the east, the central segment of the
Cyprus Arc to the north, the Gulf of Suez rift system to the southwest, and a transtensive
fault system cutting through the Nile Deep Sea fan to the northwest. Mascle et al. (2000)
theorize that the microplate is a part of the African plate, that broke off in response to the
collision between Cyprus and the Eratosthenes seamount. This theory remains
controversial due to a lack of seismic activity along northwest boundary of the microplate
or a structural indication of connectivity between the Gulf of Suez rift and the fault

system mapped through the Nile deep sea fan (Mascle et al., 2000).
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1.4.4. Interaction between the Aegean-Anatolian and the Eurasian plates

The plate boundary between the Aegean-Anatolian and Eurasian plates lies along
the North Anatolian transform fault (see Figure 1.1). This fault formed in early late-
Miocene in response to the collision between the Arabian and Eurasian plates (Sengor,
1979). The NATF extends 1200-1500 km, from its junction with the EATF in south
eastern Anatolia to its western termination in the North Aegean trough (Sengor, 1979) .
Although the NATF does terminate within the North Aegean trough, the dextral motion
that occurs along the fault continues as far as the western margin of the Hellenic Arc. The
NATF is more seismically active and has a larger associated offset than the EATF. The
NATF has had at least 6 large earthquakes in the last 100 years, resulting in ruptures over
900 km of'its length (Hubert-Ferrari et al., 1999; Kiratzi, 1993). The interpreted offset on
the fault varies between 40 and 100 km, but decreases from east to west due to the
displacement being transferred to numerous splays in the western section (Rotstein,
1984). Two main splays separate just east of the sea of Marmara and are differentiated as
the northern and southern North Anatolian Fault strands. This splay separation has led to
the formation of narrow graben complexes or transtensional basins in the western portion
of the fault zone (Sengor et al., 1985). In the eastern part of the fault zone, fault

associated pull-apart or compressional ramp basins are more common.

The earthquake mechanisms indicate that the NATF has right lateral strike-slip

motion that is parallel to the fault trace (Sengor and Canitez, 1982). The fault zone has a
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distinctive rift morphology, however, indicating that it also has an extensional
component. The rift morphology is delineated in a broad zone of sub-parallel and

anastomosing faults along the fault valley (Dewey et al., 1986; Sengor et al., 1985).

1.5 Relative Plate Motions in the Eastern Mediterranean

Relative plate motions and plate tectonic models of the Eastern Mediterranean
have been estimated by many authors from the analysis of oceanic spreading centres,
movement on transform fault systems, earthquake slip vectors and GPS measurements.
The plate motions are relative to the Eurasian plate, which is considered stationary for the
purpose of determining the motion of other plates. The relative plate motions that will be
considered in this section are: the Arabian, the African, and the Aegean-Anatolian plates.
The Arabian plate is moving toward the north-northwest at a rate of 20-25 mm/year,
while the African plate moves north-northeastward at a slower rate of 10 mm/yr (DeMets
et al., 1990, Reilinger et al., 1997). The differential motion between them is taken up in
the Dead Sea fault, which separates the two plates. The northward motion of both these
plates leads to the formation of a convergent boundary with the Aegean-Anatolian micro-
plate along their northern margins. The higher velocity of the Arabian plate leads to
collision at its boundary, while a combination of subduction, collision and strike slip
activity occurs along the African/Aegean-Anatolian boundary. The collision occurring

along the northern Arabian plate generates the forces that induce the westward expulsion
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of the Aegean-Anatolian plate along the North and East Anatolian faults. Due to other
plate interactions however, the Aegean-Anatolian plate cannot continue to be expelled
directly westward. GPS measurements suggest that the motion of the Aegean-Anatolian
plate changes from west directed in eastern Anatolia to southwest directed in the western
portion of the plate. In the extreme west and southwest of the plate, the GPS
measurement indicate a dominantly south-directed motion (Reilinger et al., 1997). The
change in the direction of motion across the plate indicates that the Aegean-Anatolian
plate is rotating counter-clockwise around a Euler pole which has been defined to lie on
the Sinai peninsula (Reilinger et al., 1997, Papazachos, 1999). One challenge to that
theory is presented in the Rotstein(1984) paper, which suggests that the presence of
internal deformation within the Anatolian block prevents a single pole of rotation from
being identified. Regardless of the pole’s location, it is obvious that the plate is rotating
based on the curvature of the NATF and on the rate and direction of motion recorded for
the Aegean-Anatolian plate. The rotation is induced by the Eurasian plate’s resistance to
the westward expulsion forcing the plate towards the ‘free face’ of the Hellenic Arc,
where the subducting African plate is rolling back (Reilinger et al., 1997; Royden, 1993).
This westward expulsion causes the direction of subduction for the African plate to

change from north to northeastward, relative to the Aegean-Anatolian plate.

The forced westward expulsion and rotation of the Aegean-Anatolian plate leads
to the change in deformation across the plate, as well as the change in the velocity and

direction of the plate’s motion. It is generally accepted that the Anatolian plate rotates as
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a rigid block with an average velocity of at least 22 mm/year, while the Aegean block
deforms internally and has a average velocity of 30 mm/year (velocities are 25 mm/year
near the coast of Turkey and 30-35 mm/year at the southwestern part of the Hellenic arc)
(Papazachos, 1999). The deformation within the Aegean block is mainly in the form of
east-west trending grabens created by north-south extension. There is some disagreement
over whether the Aegean-Anatolian plate acts as one rotating plate or as two plates
separated by a distinctive plate boundary. Reilinger et al. (1997) suggest that the two
regions act as one rotating entity and that the increase of internal deformation towards
the south-west can be explained by the close proximity of the southwest portion of the
plate to the pole of rotation. Papazachos (1999) (as well as Jackson and Mckenzie, 1988)
however, suggested that the rate of plate motion in the Aegean region is much higher than
can be explained by the single rotating plate theory. They, therefore, suggest that although
a distinct boundary has yet to been defined, the two plates must be separate entities. The
boundary is thought to lie over a diffuse zone of east-west trending extensional grabens

that lie near the south and west coast of Turkey. They also suggest that the Aegean

plate’s rate of deformation is explained by a combination of the forces translated from the

rotating Anatolian plate and from an additional north-south extensional field.

1.6 Purpose and Scope

As mentioned in the introductory section, the purpose of this thesis is to use

reflection seismic data to provide an interpretation of the structurally complex Cilicia



Basin. The interpretation should provide insight into the evolution of the basin and of the
entire Eastern Mediterranean since Miocene time. The research to be completed for this
thesis is part of a research project between the Memorial University of Newfoundland and
the Institute of Marine Sciences and Technology at Dokuz Eylil University in [zmir,
Turkey. The focus for this project will be data from the Outer Cilicia Basin. The Inner
Cilicia and other nearby basins have been investigated more extensively by previous
workers within the research group. The seismic data that will be used to complete this
analysis was collected mainly during a marine multi-channel seismic reflection survey in
1992. Some of the data collected during this survey, mainly from the inner basin, have
been processed and interpreted by previous workers. The remaining unprocessed data are
to be taken from shot records to fully interpretable seismic profiles as part of this thesis

progress.
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Chapter 2

2.1 Regional setting

The Cilicia Basin is one of four genetically related Neogene-Quaternary basins
that make up the sea-floor of the north-east Mediterranean Sea (see Figure 2.1). The
bathymetry of the seafloor is controlled by major tectonic features and by sediment input
from rivers that flow into the area from onland Turkey (Aksu et al., 1992 a,b). These
major tectonic features create bathymetric highs on the seafloor and separate the basins
into individual depocentres (see Figure 2.2). Within each of the basins the water depth
gradually increases from the continental shelf to the central area, where water depths
reach a maximum of 1300 m. West of the Cilicia Basin, the water depth drops to well

over 2500 m into the Antalya Basin (Aksu et al., 2005).

The underlying crust of the north-east Mediterranean sea is a normal continental
type extending from the Asian continent. The continental crust thins rapidly passing from
southern Turkey, where it is ~36 km, to south of Cyprus, where it is ~14 km (Riad et al.,
1981). South of Cyprus the composition of the crust changes to a more intermediate type
and is therefore thought to be a part of the African plate. The crust thickens southwards

away from Cyprus towards the Sinai Peninsula (Riad et al., 1981).
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Figure 2.1: Bathymetry map of Cilicia and Latakia basins (edited from Aksu et al., 2005). Compiled using the echo
sounder data collected during RV Piri Reis cruises 1991 and 1992 and the International Bathymetric Chart of the
Mediterranean (Intergovernmental Oceanographic Commission, 1981).
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Figure 2.2: Map showing the basins of the north-east Mediterranean and the locations of the main physiographic and
structural features in the study area (edited from Aksu et al., 2005).



2.2 The basins of the northeastern Mediterranean Sea

The Neogene-Quaternary basins that lie in the forearc of the Cyprus Arc are, from
east to west, the Iskenderun Basin, the Lakakia Basin, and the Adana Basin with its
offshore extension, the Cilicia Basin (see Figure 2.1). The Misis-Kyrenia fault, a
Miocene compressional feature, separates the Iskenderun and Latakia Basins in the east
from the Adana and Cilicia Basins in the west (see Figure 2.2). The Iskenderun and
Latakia Basins form a fairly continuous structure, separated by a north-west trending
extensional fault zone. The Cilicia and Adana Basins also form a continuous structure,
with the onland Adana area being the infilled portion of the basin (Aksu et al., 1992 a).
Each of the basins is north-east trending, rectangular to rhombohedral shaped depressions
that have been subsiding since mid to late Miocene time. The Miocene to Quaternary
stratigraphy is similar for each of the basins and consists of more than 1000 m of early
Miocene siliclastics, marls and marly limestones, between 500 m and 1000 m of
Messinian evaporites and 300-2000 m of Pliocene-Quaternary deltaic deposits, all
overlying a pre-Miocene orogenic belt (Aksu et al., 1992 a; Mulder et al., 1975). There
are at least two common erosional unconformities seen in all four basins: the first at the
base of the early Miocene succession, the second at the base of the Pliocene-Quaternary
succession. Four rivers (Seyhan, Ceyhan, Tarsus and Goksu) provide most of the
siliciclastic input into the basins (Aksu et al., 1992 b). Three of the four rivers, namely
the Seyhan, Ceyhan and Tarsus Rivers, form a major deltaic complex that occupies the
Adana Basin. This leaves a much wider continental shelf in the Adana basin than in the
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other three basins (see Figure 2.1). Most of the published data pertaining to these basins
has concentrated on the structural and sedimentary evolution of the Pliocene and

Quaternary succession.

2.2.1 The Iskenderun Basin

The Iskenderun Basin is bounded by the Misis mountains to the north-west, by a
basement high flanking the Amanos fault zone to the south-east, and by an extensional
fault zone that separates it from the Latakia Basin to the south-west. The basin has been
divided into inner and outer zones based upon changes in structural and stratigraphic
architectures (Aksu et al., 1992 a). The inner basin is characterized by an extensional
fault zone which controls the sediment deposition in this part of the basin. There are at
least two families of steep normal faults that affect the Quaternary succession: 1) a set of
north-east trending faults that lie parallel to the Misis lineament, 2) a north trending, east
dipping listric fault fan, which splayed from the southeastern boundary fault. Sediment
distribution in the Iskenderun Basin is controlled by the architecture of the basin, the
subsidence rate, and the distance to the sediment source (Aksu et al., 1992 b). These
controls leave most of the coarse grained sediment trapped on the shelf and only finer

grained shales in the deeper basin.

2.2.2 Latakia Basin

The Latakia Basin is bounded by the Misis-Kyrenia fault zone to the west, the
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Iskenderun Basin to the north-east and the Amanos-Larnaka ridge to the south and east.
The onland Cyprus extension of this basin is called the Mesaoria Basin. The structural
architecture of the Latakia Basin is complicated and involves both compressional and
extensional tectonics (Aksu et al., 1992 a). The internal structure of the basin consists of
a fairly narrow shelf in the eastern part of the basin, a 25 km zone dominated by normal
faulting associated with the shelf to basin transition, and an outer zone controlled by
halokinetic structures (Aksu et al., 1992 a). The extensional fault systems found within
the basin are orthogonal to the basin-bounding faults found along the eastern and north-
west boundary of the basin. The basin bounding structures are northwest-trending and
southwest-dipping normal faults, which are associated with a large rollover structure
containing mainly south-westerly dipping faults that cut the Quaternary succession and
detach within the Messinian layer (Aksu et al., 1992 a). In the north-west portion of the
basin, a thrust front associated with the Misis-Kyrenia fault zone affects the entire

succession (Aksu et al., 1992 a).

The Pliocene-Quaternary sediment fill in the Latakia Basin mainly consists of silt
and muds that were deposited in pro-delta plumes derived from delta plains within the
Adana Basin (Aksu et al,1992 b). Most of the sediment has been trapped on the
subsiding shelf leaving deposition in the outer basin limited to mainly muddy turbitity
currents (Aksu et al., 1992 b). The sediment deposition within the outer basin is
controlled by, and often records, the growth of their associated salt structures (Aksu et
al.,1992 b).
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2.2.3 The Adana and Cilicia Basin

The Adana and Cilicia Basins form the onland and offshore portions of a
continuous structure and will therefore be addressed together. The basins form an arcuate
depocentre bounded to the north by the Taurus mountains and Ecemis fault zone of south
Turkey, to the south-east by the Misis-Kyrenia fault zone, to the south by the Kyrenia
mountains of northern Cyprus and to the west by a submarine basement high, called the
Anamur-Kormakiti complex (Aksu et al., 1992 a) (see Figure 2.2). The Cilicia Basin can
be separated into two domains, namely the Inner and the Outer Cilicia Basin, based on
differences in structural architecture. These two domains are separated by an elongate

salt ridge with an overlying collapse graben (Aksu et al., 1992 a) (see Figure 2.3).

The inner basin extends south-westwards from the Adana Basin, along the
Turkish continental shelf. The main structural feature of the Inner Cilicia Basin is a
north-west trending imbricate extensional fault fan with north and south dipping
synthetic and antithetic listric faults which sole into a Messinian detachment surface (see
Figure 2.4) (Aksu et al., 1992 a). The imbricate fan trends perpendicular to the Misis-
Kyrema fault zone and has a cross sectional width of ~ 50 km. The listric faults within
the imbricate fan show a large amount of rotation and significant sediment growth
throughout the Pliocene-Quaternary succession (Aksu et al., 1992 a). The structure is
quite different within the onland Adana Basin, as described by Williams et al. (1995).

One trend exists in the northern Adana Basin with a north-northwest-south-
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Figure 2.4: Map showing faults of the Inner Cilicia basin and the major
surrounding fault systems (edited from Aksu et al., 2005).
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southeast trending and west-southwest dipping extensional fault fan. The second trend is
called the Imamoglou fault zone and is interpreted as a north-south trending positive
flower structure that affects the upper Miocene and younger deposits (Williams et al.,

1995).

Due to a southerly dip within the Adana Basin, the sequences that outcrop in the
north are at depth to the south in the Inner Cilicia Basin. The stratigraphy of the Adana
Basin, as described by Williams et al. (1995), consists of lower Miocene reefal deposits
overlain by turbidite sediments all overlain by progradational deltaic deposits.
Exploration drilling results have also proved the presence of the Messinian salt layer
directly overlying the Miocene reefal deposits within the basin (Gorur, 1995). Due to the
slower subsidence rate and close proximity to sediment supply, Pliocene-Quaternary
sedimentation has ‘filled’ the Adana Basin in comparison to the Inner Cilicia Basin. The
sediment supply comes from deltas including those of the Seyhan, Ceyhan and Taurus
rivers (Aksu et al., 1992 b). Although the Goksu river delta is a significant sediment
source for the Outer Cilicia Basin, it deposits too far to the south-west to largely affect

Adana’s or the Inner Cilicia Basin’s sediment fill (see Figure 2.1).

Modern sedimentation within the Inner Cilicia Basin predominantly occurs within
30 km of the shoreline and consists of silt and mud from pro-delta plumes, with limited
sand sheet deposition occurring during major transgressions (Aksu et al., 1992 b).

Sedimentation is concentrated near the shoreline because subsidence rates across the delta
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plain are sufficient to create accommodation space, leaving only limited sediment

available to pass into the deep basin. The depositional architecture of the older sequences
suggest that similar deposition processes operated throughout the Quaternary. The Cilicia
Basin’s average subsidence rate was calculated to be 0.33 cm/ 1000 yr, with a higher

subsidence rate calculated for the inner basin (Aksu et al., 1992 b).

The Outer Cilicia Basin lies between the continental shelf of Turkey to the north
and the continental shelf of Cyprus to the south (see Figure 2.1). The outer basin is
deeper than the inner part of the basin at about 1000 m and contains a thinner Pliocene-
Quaternary sediment package (Aksu et al., 1992 a). The top of Messinian evaporites is
also about 1000 m shallower than in the inner basin (Aksu et al., 1992 a). As mentioned
above, the structures found in the basin are mainly controlled by salt diapirism. East-west
trending diapirs with transparent cores were noted by Smith (1977) and were interpreted
to be salt cored based on the velocity of the rising sediment. Evans et al. (1978) used
seismic data to classify the same system of diapirs into one of several east-west trending
morphologic zones within the Outer Cilicia Basin. The zones, from north to south,
include the Turkish continental shelf, which is underlain by well stratified sediment cut
by a zone of faults at its outer edge. Farther south, along the continental slope there is a
zone of well stratified sediments that develop by progradation of the shoreline and shows
complicated slumping features. Also in this zone, a keystone graben forms at right angles
to the shelf just west of the Goksu delta. The next zone occupies the central basin, at the
base of the slope, and is characterized by well stratified sediment folded into low
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amplitude east-west trending anticlines and synclines. Farther south, into the next zone
described, the anticlines increase in amplitude and many are salt-cored. These anticlines
were interpreted to be asymmetric, with limbs being steeper, and possible thrusting, to the
south. The zone of anticlines then ends fairly abruptly leaving flat lying sediment for the
next zone. Farther south, the flat-lying sediment is cut by north dipping, low angle faults
and finally growth faults at the foot of the slope. In this zone, there are surface
depressions over highs in the M-reflector. They interpreted these to be either solution
related collapse structures or as toes of rotational slumps. The next, and most southerly

zone, s the narrow slope and shelf of Cyprus.

The most distinctive feature of the Outer Cilicia Basin is the salt cored anticline
zone described above by both Smith (1977) and Evans et al. (1978). These anticlines are
oriented approximately 45 degrees to both the basin bounding faults and the extensional
imbricate fan seen in the inner basin. This suggests that the formation of these salt
structures is not related to the deformational forces that form other structures in the basin
(Aksu et al., 1992 a). The salt structures are thought to be related to diapirism triggered

by the underlying pre-Messinian basement structure (Evans et al., 1978, Aksu et al.,

2005).

Evidence suggests that the basin was infilled asymmetrically from a sediment
source in the north-north-east, with little contribution from Cyprus or western Turkey

(Evans et al., 1978). As mentioned above, the sediment source is from the delta plains of
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the Seyhan, Ceyhan and Taurus rivers, as well as the Goksu river delta, which deposits
just south-west of the Adana basin. The sediment found in the basin is mainly silt and
mud deposited when the paleoshorelines were furthest south in the Cilicia Basin (Aksu et
al.,, 1992 b). During these times, limited sandy turbidites may also have been deposited
through turbidity current channels in the west part of the basin. Evidence for the sand
deposits include thin reflective units with a ponded depositional style between the salt
anticlines (Aksu et al., 1992). Turbidite basins, formed along these current channels, are
one of the two main types of depocentre found in the Outer Cilicia Basin. The other type
is controlled by halokinesis and appear as rim synclines on the flanks of rising salt
structures (Aksu et al., 1992 a). The thickness and architecture of sediments deposited
within these depocentres is controlled only by salt movement in the flanking structures.
The main seismic stratigraphic configuration seen in the Outer Cilicia Basin is laterally
continuous parallel reflections. The only exception is just seaward of the shelf edge
where the stratigraphic signature is influenced by depositional processes and a more

complex progradational, sigmoid-oblique pattern develops (Aksu et al., 1992 b).

2.3 Structural Elements of the northeast Mediterranean Sea

An understanding of how the basins described above form and develop can only
be addressed in relation to other structural elements found in the area and in the context
of the structural history of the entire Eastern Mediterranean. The structural elements in

the general vicinity of the basins will be discussed in the following section.
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2.3.1 Misis-Kyrenia Thrust Belt

The Misis-Kyrenia thrust belt is a northeast-southwest trending submarine ridge
extending from the Kyrenia mountains of northern Cyprus to the Misis mountains of
south-east Turkey (see Figure 2.2). The thrust belt’s rugged submarine topography and
internal structure is reminiscent of both mountain chains suggesting that they all form
parts of a genetically related south to south-east verging thrust system (Anastasakis and
Kelling,1990; Kelling et al., 1987; Evans et al., 1978,). As described above, the Misis-
Kyrenia belt forms the boundary separating the Iskenderun and Latakia Basins in the west
from the Adana and Cilicia Basins in the east. The ridge ranges from 3-8 km in width and
rises between 10 and 50 m above the adjacent sea floor (Aksu et al., 1992 a). Both edges
of the structure are marked by steep normal faults characterized by significant throw and
associated sediment growth, with the north eastern edge being the steeper of the two
(Aksu et al., 1992 a; Ben-Avraham et al., 1988). The thrust belt cuts through pre-late
Miocene successions, with only minimal Messinian evaporites and Pliocene-Quaternary
sediments lying in depressions along the top of the ridge. This suggests that the belt has
been a positive feature at least since late Miocene time. Most authors view the history of
the belt to involve thrusting in the Eocene or Miocene, followed by uplift occurring into
the Quaternary (Robertson and Woodcock, 1986). Networks of sub-vertical faults with
straight, north-east trending traces in plan view have also been noted across the structure.
These have been interpreted as recent strike-slip faults, suggesting that although the
structure likely formed under compressive stress, the more recent activity involves strike-
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slip motion (Aksu et al., 1992 a). Some authors also support a strike-slip origin for the
Misis-Kyrenia fault belt, suggesting the belt forms a positive flower structure flanked by

the surrounding basins (Kempler and Garfunkel, 1994) .

2.3.2 Kyrenia Range

The Kyrenia is a narrow, elongate, east-west trending mountain range found along
the northern coast of Cyprus (see Figure 2.2). As already described, it forms the southern
boundary of the Cilicia Basin and is related to the Misis-Kyrenia thrust zone. The
mountain range originated in the Eocene or early Miocene but has experienced most of its
uplift since the late Pliocene-Pleistocene in relation to the uplift of the entire land mass of
Cyprus (Robertson, 1998 a; Robertson et al., 1991). The western and central zones of
the range have experienced more uplift and contain more steeply tilted stratigraphic units,
than those in the eastern zone. The units within the range show reverse faulting, with
vergence toward the south, and folding against the units at the southern margin of the
range (Robertson, 1998 a). The stratigraphy of the mountain chain includes Permian-
early Tertiary carbonates and volcanics, Oligocene to mid-Miocene age terrestrial to
shallow marine and turbidite deposits of the Kythrea group, mid-late Miocene marls and
chalks of Pakhna formation, and Pliocene marine sediments of the Mirtou formation
(Robertson, 1998 a; Robertson et al., 1991). Both the stratigraphy and structure of this
mountain chain suggest that its history has involved at least two periods of uplift

separated by a marine depositional phase. The evidence that the reverse faulting affects

49



only the early carbonate and Oligocene terrestrial deposits suggests that the area was
uplifted prior to Miocene time. The turbiditic Miocene deposits indicate that full marine
conditions had been reestablished by that time (Robertson, 1998 a; Robertson et al., 1991).
Recent uplift, in conjunction with the uplift of the entire island of Cyprus, is interpreted

to have started in the late Pliocene or Pleistocene, as indicated by the presence of open
marine Pliocene sediments found within the uplifted mountain chain (Robertson,1998 a;

Robertson et al., 1991).

South of the Kyrenia range lies the Mesaoria Basin followed by the Troodos
Ophiolite complex (see Figure 2.5). The Mesaoria basin formed in Miocene- Pliocene
time and occupies an intra-montane setting between the Kyrenia range and the Troodos
complex (Robertson, 1998 a). The basin extends into the Latakia basin to the east and the
Antalya basin to the west. The Troodos Complex had accreted to southern margin of the
Anatolian plate by late Cretaceous time and now forms the basement of the Mesaoria

basin (Robertson, 1998 a).

2.3.3 Misis Mountain Complex

The Misis Mountain Complex is a northeast-southwest trending structural high in
southeast Turkey that extends into the genetically related Andirin complex to the
northeast (Kelling et al., 1987) (see Figure 2.2). It forms the landward extension of the

Misis-Kyrenia fault belt to the north, as well as the northern boundary of the
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Iskenderun Basin. Within the complex, there is evidence of both reverse and strike-slip
faulting suggesting that it has been uplifting in a transpressional regime since the
Miocene (Kelling et al., 1987). The structure consists mainly of thick (more than 2 km)
packages of steeply dipping, northwest inclined strata bounded by south directed major
thrusts and reverse faults, which separate stratigraphically younger slices in an updip
direction (Kelling et al., 1987). The presence of narrow fault slices of steeply dipping
older rocks in the otherwise uniform stratigraphy gives evidence that strike-slip faulting
occurred before and during the regional thrusting. The main stratigraphic units exposed
in the range are of Tertiary age and consist of two main parts. A lower part dominated by
distal volcanogenic turbidites of mid to late Miocene in age (Karatas Formation),
tectonically overlain by a melange containing large blocks, derived from a Miocene
volcanic arc and back arc setting, within a calcareous claystone matrix (Isali Formation)
(Robertson, 1998 a; Kelling et al., 1987). The sedimentary successions found in the Misis
complex are basically equivalent to the successions found in the Kyrenia range,
suggesting deposition under similar conditions. The transpressional deformation in the
Misis complex, however, commenced much earlier than the uplift in the Kyrenia range

(Kelling et al., 1987).

2.3.4.The Taurus mountain range and Ecemis Fault zone

The Taurus mountains and Ecemis fault zone lie in south-east Turkey and form
the north-west boundary of the Adana and Inner Cilicia Basins. The Taurides also extend
across the south coast of Turkey and form the northern boundary of the Outer Cilicia
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Basin. The Taurides formed mainly during the Oligocene period are one of the two east-
west trending mountain ranges found in Turkey (the other is older, is found to the north
and is known as the Pontide mountain range) (Robertson, 1998 a). The mountain chains
record a complicated history involving a number of convergent events during closure of
at least two major oceans. The continental portion of the Tauride chain is thought to have
been part of the Mesozoic passive margin of Gondwana which rifted and moved
northwards during the opening and subsequent closure of the southern branch of the Neo-
Tethyan ocean (Sengér and Yilmaz, 1981; Robertson and Dixon, 1984). The ultimate
closure of the ocean occurred during Eocene time. Due to their complicated history, the
Taurides contain a variety of rock types and structures. North of the Cilicia Basin, the
basement is mainly made up of the low and high grade metamorphic rocks of the Alanya
Massif, along with occurrences of ophiolite successions (Robertson, 1998 a). The
Alanya Massif'is a nappe stack made up of three large thrust sheets that have been
thrusted northwards over the unmetamorphosed Mesozoic rocks of the Antalya complex,
which made up the southern passive margin of the Eurasian continent. Overlying the
basement rocks, Neogene extensional or foreland flexural basins that contain Miocene to
Pliocene open marine sediments occur in some areas within the Taurides (Robertson,

1998 a).

The Ecemis fault zone trends northeast-southwest and extends from eastern
Turkey to the northwest boundary of the Adana and inner Cilicia basins. The Ecemis is a

left lateral strike-slip fault that is thought to be related to, and extend from, the larger East
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Anatolian Transform Fault (Ozer et al., 1974). Other workers suggest that the Ecemis is
older than both the North and East Anatolian Transform Faults and that it accommodated
the internal deformation of Anatolia long before the other faults formed (Jaffey and
Robertson, 2001). These workers suggest that strike slip faulting along the Ecemis fault
zone began in mid-Miocene time, but that the later history of the fault is dominated by
east-west extension with lesser components of strike slip. The surface expression of the
fault zone is characterized by a horst-graben structure with significant vertical throws.

An offshore extension of this fault zone has not been documented (Ozer et al., 1974,
Aksu et al., 1992 a).

2.3.5. Anamur-Kormakiti Complex

The Anamur-Kormakiti complex is a north to north-west trending basement high
that extends from the north-west coast of Cyprus to the south coast of Turkey, near
Anamur Bay. The basement high separates the Cilicia Basin in the east from the deeper
Antalya Basin in the west. The complex rises about 2 km above the adjacent seafloor
with edges marked by a sudden break in slope, and has only a thin sediment cover (Evans
et al., 1978; Kogyigit and Beyhan, 1998). Some workers have suggested that the complex
is directly related to an onshore, late Cretaceous aged thrust fault called the Anamur fault,
which separates the Alanya massif from the Antalya complex in southern Turkey (Ediger
et al., 1993; Anastasakis and Kelling, 1990). Others have suggested that the basement
high is related to an onshore, left lateral, strike-slip fault system called the Central

Anatolian Fault zone, which was described to be the extension or reactivation of the older
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Ecemis fault zone ( Kogyigit and Beyhan, 1997). Evidence exists, such as slumping in
the Pliocene-Quaternary succession, that the lineament is an active structure but further
work is required to confirm this.

2.3.6. Amanos Fault Zone

The Amanos is a left-lateral, northeast trending fault zone that stems from the East
Anatolian transform fault (EATF) and extends along the south east boundary of the
Iskenderun basin (see Figure 1.8). The Amanos fault is thought to be a major ‘left step’
of the EATF and runs parallel to the Dead Sea fault along the Syria/Turkey border
(Peringek and Cemen, 1990). Between the Amanos and Dead Sea fault, an extensional
basin called the Amik basin forms. This basin is significant as it is thought to contain the
NW-trending faults that provide a connection between the Amanos and Dead Sea faults
and hence is the location of a triple junction between the African, Arabian and Aegean-
Anatolian plates (Peringek and Cemen, 1990). The morphology of the Amanos fault zone
is a horst and graben structure characterized by significant vertical throw (Peringek and
Eren, 1990).

2.3.7. Amanos-Larnaka Ridge

The Amanos-Larnaka ridge is a submarine basement high that extends from the
Amanos fault of south Turkey to the west coast of Cyprus (see Figure 1.7). The ridge
forms the south and east margin of the Latakia Basin and parallels both the Misis-Kyrenia
thrust belt and the Latakia ridge to the south. The ridge is associated with large gravity

and magnetic anomalies which suggests a possible ophiolite core possibly extending from
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ophiolites onshore Cyprus, such as the Troodos complex (Ergiin et al., 2005, Ben-
Avraham et al.,, 1995). Modeling of the gravity and magnetic anomalies suggest that the
ophiolite has reduced thickness in the Amanos-Larnaka structure in comparison to those
onshore Cyprus. The ridge was emplaced by south to southeast thrusting, likely as a part
of a late Cretaceous to Miocene thrust system that led to the emplacement of ophiolites

throughout the Eastern Mediterranean (Dilek and Moores, 1990).

2.4 Models for the formation of the Cilicia basin

The Cilicia basin formed and evolved in relation to the surrounding basins and
structural features described above. It is generally agreed that the Cilicia Basin formed
before latest Miocene time, based on the presence of a Messinian salt layer within the
basin. The mechanisms for its formation and evolution, however, are debated. In this
section, some of the existing theories for the formation of the basin will be briefly
discussed.

The early theories on the evolution of the Cilicia Basin suggest that it originated
through incompatibility problems arising from the generation of the FFF plate triple
junction just north-east of the basin. Sengor et al. (1985) suggest that when strike slip
faults meet within the continental lithosphere, incompatibility problems arise due to the
buoyancy and low shear strength of the lithosphere. Their kinematic analysis, which
considered the rates and directions of plate movements in the area, suggested that oblique,

north to northwest directed extension should result in the area of the Adana-Cilicia
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Basin. Dewey et al. (1986) support the conclusions of Sengér’s kinematic analysis and
suggest that although the basin could have formed as a pull apart along left lateral
transform faults extending from the EATF, it is more likely that the formation resulted
from incompatibility issues at the triple junction due to the westward escape of the
Aegean-Anatolian micro-plate. Kelling et al. (1987) believe that the formation of the
basin occurred earlier than proposed in the above models, and that it was the result of a
Oligocene-Miocene phase of extension that preceded the south directed thrusting in the
Kyrenia range. Karig and Kozlu (1990) also support an early Miocene transtensional
phase that affected the area along the lineament of the Misis-Kyrenia fault belt and led to
the formation of the Cilicia Basin. They believed that the transtensional phase was
succeeded by a late Miocene transpressional phase, which produced the fold and thrust
belt, and was in turn succeeded by a second transtensional phase since Miocene time.
Kempler and Garfunkel (1994) believed that the Cilicia Basin has been subsiding only
since mid to late Miocene time and that the Misis-Kyrenia thrust belt is an extensional
feature that reached its current location through strike slip motion in late Eocene to early
Oligocene time. They supported a transtensional origin for the basin, and the fault belt,
and relate the origin of the extension to the orientation of the plate boundary in relation to
the plate motion in the area. They suggested that since the Inner Cilicia Basin has a
general northeast-southwest orientation, near parallel to the plate motion, transtensional
forces will dominate. For the east-west oriented Outer Cilicia Basin, in which

transpressional stress should dominate according to their theory, they explain the lack of
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compressive structure by assuming that the majority of the compressive stress is absorbed
within Cyprus. Ben Avraham et al. (1995) also supported a mid to late Miocene
initiation of subsidence in the Cilicia Basin. They suggested that the Misis-Kyrenia thrust
belt, and its associated ridges, formed as Oligocene to mid-Miocene thrust sheets that
were later overprinted by strike-slip activity. The basin then formed, as a half graben, in
relation to the transform motion along the thrust belt.

Although the theories presented above vary both temporally and in the mechanism
proposed for initial subsidence, most relate the formation of the Cilicia Basin to strike
slip (transtensional) activity. There have been theories presented more recently that
suggest the basin’s formation is related to extensional forces that lack the transverse
component. One of these theories is presented by Williams et al. (1995) and mainly
pertains to the onland extension of the Adana Basin. They suggest that the basin formed
during the early Miocene in response to load induced flexure resulting from renewed
thrusting in the Tauride mountains. Another theory presented by Robertson (1998) a
suggests that the basin formed due to extensional forces caused by the southward retreat
or ‘roll back’ of the subducting African plate. The variability in the theories presented for
the evolution of the Cilicia Basin shows that no one theory has satisfied the data or the
minds of researchers who focus on the area. The lack of good well and seismic data has
prevented the development of a theory that would satisfy all characteristics of the basin
and its surrounding structure. The seismic data to be analyzed for the purpose of the

thesis will hopefully shed light on the evolution of this basin.
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Chapter 3: Data Acquisition and Processing

The reflection seismic data processed for this thesis were collected during a 1992
marine multi-channel reflection survey. In this survey, there were over 1000 km of
seismic data shot along 10 main profiles within this basin. Some of these profiles, mainly
from the inner basin, have been processed by previous workers. The remaining
unprocessed data, including 6 profiles or just over 600 km of reflection data, were taken
from shot records to interpretable seismic profiles. The lines processed are shown in
Figure 3.1.

3.1 Data Acquisition

As mentioned above, the seismic data were collected during a 1992 survey
conducted with the research vessel K. Piri Reis, operated by the Institute of Marine
Sciences and Technology in Izmir Turkey, using equipment provided by Memorial
University of Newfoundland. The equipment included a source air gun array, a receiver/
hydrophone array and a digital recording device used to write the data to disk. The air
gun array included seven high pressure Halliburton sleeve guns, (a set of 2 x 40 inch’;1 x
20 inch?; 2 x10 inch®) working at a pressure of 2000 psi and rendering a source bandwidth
of 50-250 Hz. The air guns were towed 50 meters behind the stern of the ship at a 3
metre depth below the water surface. The 3 meter towing depth allowed optimal
reinforcement of the primary pulse and the pulse reflected from the air sea interface at a
source frequency of 120 Hz. Shots were fired at fixed time intervals, with the interval

adjusted every 10 minutes at the time of recording GPS navigation fixes, for a target shot
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spacing of 25 metres. The fix location represents the latitude and longitude of the
research vessel at the time the shot was fired. The receiver array included a 600 metre
long streamer towed behind the stern of the ship and held at a 3 metre depth by streamer
birds. The analog streamer consists of 48 recording channels separated by a group
interval of 12.5 meters. For two lines (line 23 and 67), in order to achieve line length at
the expense of fold, only the last 19 channels were deployed in the water. Along these
lines, there is only a few metre offset between the source and receiver, as the first channel
lies directly adjacent to the source array, and a 237.5 metre far offset (see Figure 3.2).
For the lines 423, 489, 501 and 517, only data from the last 12 channels was recorded.
The near and far offsets for this array is 156 metres and 306 metres, respectively (see
Figure 3.3). The data were recorded with a sample rate of 1 ms and with a record length
of 3 seconds. An appropriate recording delay, dependent on the water depth in the area,
were applied to the data in order to record the maximum possible sub-seabed data
allowed by the 3 second record length. The data were recorded on a T.1. DFSS5 instrument
in SEG-D format and stored on re-writable optical discs by intercepting the original 9

track magnetic tape output.

Figure 3.2: Seismic acquisition parameters for lines 23 and 67.
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Figure 3.3: Seismic acquisition parameters for lines 423, 489, 501 and 517.

3.2 Data Processing

The data processing to be completed for this thesis involved bringing raw seismic
data from shot records to fully interpretable seismic images. The Landmark based
computer program, Promax, was used to complete this task. The processing flow
involved a complete scheme determined through analysis of the data and changes
somewhat from line to line.

3.2.1 Data Processing scheme

The general processing flow used is shown in Figure 3.4. Further discussion of
certain steps are discussed in the following section.
(1) Demultiplex data. The data were recorded on optical discs in SEG-Y format. To be
usable by the Promax processing package, the data had to be read from the discs and
converted to the appropriate format. The converted SEG-Y data was then written to and
stored on DLT tapes.

(2) Analysis of Data Quality. The data was analyzed to locate noisy traces, other noise
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Figure 3.4: Schematic Processing Flow applied to each of the seismic lines
processed for this thesis. The # S symbol indicates that the below processes
may not have been applied to all lines processed, their application depended
on need and data quality.
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problems and static shifts created by changes in recording delays.

(3) Definition of Trace Headers. Field file identification numbers and channels numbers
are defined.

(4) Trace editing. Involves killing or cropping bad traces

(5) Static Corrections. Static time shifting to bring all data to the same datum.

(6) Filtering. Band Pass filter are applied to eliminate low and high frequency noise. In
some cases, F-K filtering and muting is used to eliminate aliased signals.

(7) Geometry application. Geometry applied to assign source-receiver offsets and
common depth points (CDP’s) to the data.

(8) Predictive Deconvolution. Predictive deconvolution with short time lag applied to
data for wavelet shortening. Predictive deconvolution with a longer time lag applied in
some cases to eliminate short period multiples.

(9) Multiple Attenuation. Various techniques are attempted to eliminate the sea bed
multiples.

(10) Velocity analysis. Involves generating semblance spectra and constant velocity
stacks to pick appropriate stacking velocities.

(11) Normal Moveout Correction. Correction applied to convert data to zero offset
(12) Stack. Summing all traces for the same common depth point to increase the signal to
noise ratio.

(13) Migration. Kirchoff time migration algorithm applied to restore dipping reflectors to

there true subsurface positions.
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(14) Filtering. In some cases, time variant filtering is used to eliminate noise generated
through migrating the data.

(15) Trace Mixing. Adjacent traces are averaged to make the reflections appear more
continuous.

(16) Muting. Data is muted immediately above the sea bed.

3.2.2 Definition of Trace Headers

In the data recorded for this thesis, some trace headers that are necessary for
geometry application are empty. These trace headers include field identification numbers
(FFIDs) and channel numbers. These headers are designated using the ‘Trace Header
Math’ command utilizing other trace headers that have already been defined during
recording. The FFID headers are defined as equal to the source identification numbers.
The channel numbers are defined as equal to the sequence number in ensemble header.

3.2.3 Trace Editing

All of the lines processed required some trace editing due to noise problems in
select traces. Spurious noise spikes, likely created by random noise, are a problem along
certain traces. They are usually random, sometimes affecting an entire trace, sometimes
just affecting a short time period along a trace. If the entire trace is affected, the trace is
zeroed using the trace kill command (see Figure 3.5). If only a short time interval is
affected, that interval can be selected using the windowed processing command and only

that time interval of the trace is killed. In some cases, the same channel had noise
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problems across numerous shots suggesting a problem with the channel during
acquisition. These noise dominated channels generally do not have usable reflection data
recorded even if the noise is eliminated by frequency filtering. Therefore, it is warranted
to kill the noisy trace across all affected shots (see Figure 3.6).

3.2 .4 Static Corrections

Each of the lines processed for this thesis require some degree of static correction.
Some of the adjustments were recorded as time delays in the recording log and are easily
applied to the affected shots. Other required static corrections are more random and not
documented in the recording logs. These corrections are needed due to jumps in the
starting time of random shots caused by problems with the recording and shot pulse
generator device. The amount required for these corrections varies between 60 and 70 ms
and have to be determined and applied individually for each shot (see Figure 3.7).

3.2.5 Band-Pass Filtering

Pre-stack band pass filtering was applied to all profiles to eliminate low and high
frequency noise. The filter type and filter parameters were picked through analysis of the
raw data and using amplitude and frequency spectra. The chosen filter was an Ormsby
band-pass with a sufficiently great frequency bandwidth as to not limit the temporal
resolution. The low cut filter parameters were set at 40 and 60 Hz with the high cut

parameters set at 250 and 350 Hz: a minimum of two octaves is preserved. Figure 3.8

67












shows some original shot gathers from along line 67 without any filtering applied. Figure
3.9 shows the same shot gathers after band-pass filtering. The filter was effective mainly
in attenuating the low frequency noise in the data.

3.2.6 F-K Filtering and Muting

F-k filtering and muting were necessary on line 423 and line 501 to remove the
effects of spatial aliasing of the shallow reflections. In both lines, spatial aliasing occurs
in areas where the sea bed is very shallow near the Turkish margin. The shots affected
are shots 62-415 on line 423 and shots 21243-21274 on line 501. Spatial aliasing occurs
in these areas due to under-sampling of the shallow subsurface created by a source-
receiver offset and a group interval that are too large to sufficiently sample the shallow
layers. Figure 3.10 shows the spatial aliasing effect on the shot gathers and on the
frequency spectrum from line 423. Spatial aliasing is obvious on the shot gathers shown
in Figure 3.10 (A), as the peaks marking the early reflections are difficult to track across
all channels as they began to merge with the reflection peaks below at the far offset
channels. Aliasing can also be noticed in the f-k spectrum shown in Figure 3.10 (B),
where the aliased energy wraps around to the opposite quadrant past the Nyquist
wavenumber. To remove the spatial aliasing, both muting and f-k filtering were
attempted. The muting technique minimizes aliased energy by deleting the early arrivals

of the far offset aliased channels. Figure 3.11 (A) shows the top mute picked on shots
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gathers along line 423. The f-k spectrum shown in Figure 3.11 (B) shows that although
the muting technique does eliminate some of the unwanted energy some of the aliased
energy remains. A combination of muting and F-k filtering proved to be most effective
at removing the energy, as demonstrated in the frequency spectrums shown in Figure
3.12.

3.2.7 Predictive Deconvolution

Predictive deconvolution is performed on the data for both wavelet shortening
and, in some areas, for the removal of short period multiples. Multiples are a problem in
this data as the sea bed is generally at a depth less than 1 km. However, deconvolution
was generally only useful when the sea bed appeared at 20 ms or less and the sea bed
multiple repeated numerous times in the record. This approach to multiple removal will
be further discussed in a following section. Pre-stack deconvolution, for signal
enhancement, is performed on all lines processed for this thesis. In theory, spiking
deconvolution compresses the basic wavelet to a single spike leaving only the earth’s
reflectivity in the seismic trace. The process should therefore rid the data of all
reverberating energy and increase the temporal resolution, thereby whitening the
frequency spectrum. Unfortunately, spiking deconvolution operators often add unwanted
high frequencies due to noise already present in the data and due to incorrect assumptions
made about the wavelet (Yilmaz, 1987). Short gap predictive deconvolution operators
can also be used as a means of compressing the wavelet, often without adding the high

frequencies seen when spiking deconvolution operators are used. The main difference in
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the two methods is that in predictive deconvolution a prediction lag, or a time gap, can be
chosen which is effectively skipped in the deconvolution process. In spiking
deconvolution, this “gap” is assigned as the sampling rate of your data, which in this case
would be 1 ms. For this data, both spiking and predictive deconvolution operators, which
both use a Wiener-Levinson least squares algorithm, were applied using various time
gates and prediction lags to determine which provides the best result.

Figure 3.13 shows a non-deconvolved near trace gather of 425 shots along line 67.
Figure 3.14 shows an autocorrelation function and a frequency spectrum for 20 stacked
shot gathers from the same area. The autocorrelation shown in 3.14 (b) shows
reverberatory energy, which the deconvolution process aims to attenuate. The same
autocorrelation can be used to pick the time gate for the spiking deconvolution as well as
the time gate and prediction lag for the short gap predictive deconvolution. Figure 3.14
(b) shows the 64 ms time gate window picked for the spiking deconvolution operator.
This time gate is chosen as it appears sufficiently long to deal with the higher amplitude
reverberations below the main spike. The result of this process is shown in the
autocorrelation, frequency spectrum and deconvolved near trace gather shown in Figure
3.15. Both the autocorrelation function and frequency spectrum show that the
deconvolution process was successful at compressing the wavelet and whitening the
frequency spectrum, but also show the unwanted frequencies added to the data by the
process. The effect of the compressed wavelet can be noticed in the resolution of the

strong reflector that occurs at about 1500 ms in Figure 3.15 (c). However, the effect of
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added high frequencies can be seen in the near trace gather mainly in the upper part of the
section from 1100 ms to 1500 ms. Deconvolution operators with erther longer and
shorter time gate windows were attempted but did not improve the result found with the
64 ms time gate.

Due to the inefficiencies of the spiking deconvolution operators, short gap
predictive deconvolution was attempted to see if better resolution could be achieved.
Operators with various prediction lags and time gates are attempted to find the best
balance between a well compressed wavelet and a minimal amount of added unwanted
frequencies. Some of the prediction lag and time gates attempted are shown Figure 3.16.
The resultant autocorrelation functions and frequency spectrums are shown in Figure 3.17
and 3.18. Changing the prediction lag has a major impact on the data, best exhibited in
the autocorrelation functions. The predictive deconvolution with a 4 ms lag has a similar
effect on the data as spiking deconvolution, in that unwanted high frequencies are added.
This suggests that the 4 ms lag is not a long enough to deal with this data. The 12 ms lag,
however, appears to be too long as much of the high amplitude reverberation below the
main spike remains after the deconvolution is applied. The 8 ms lag appears to do the
best job of attenuating the reverberatory energy without adding major high frequencies to
the data. Changing the time gate also impacts the data as can be seen in both the
autocorrelation functions and frequency spectrums shown in Figure 3.18. The 36 ms time
gate deconvolution attenuates the reverberatory energy beneath the main spike but adds

an undesirable effect seen in the higher frequency portion of the frequency
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spectrum. The 64 ms time gate appears to both attenuate the reverberations obvious on
the autocorrelation function and moderately whiten the frequency spectrum. There is no
obvious improvement with the longer, 120 ms time gate which may even add noise to the
data as seen in the spikiness of the frequency spectrum. Overall, the best result is found
with predictive deconvolution with the 8 ms lag and the 64 ms time gate. The near trace
gather of the deconvolved data seen in Figure 3.19 shows how compressing the wavelet
has reduced the reverberations in the data, especially at and beneath the reflection at
about 1500 ms.

3.2.8 Multiple Attenuation

Sea bed multiples are a problem in these data as the sea bed reflection generally
occurs at shallow times ranging between 100 ms and 1500 ms. This leads to multiple sea
bed reflections that occur at the same time and within the same frequency bandwidth as
the primary reflections. This overshadowing of important primary reflections is
particularly a problem in shallow areas along shelf margins and in areas with thick
Pliocene-Quaternary sediment packages (see Figure 3.20 and Figure 3.21). In theory, the
removal of the multiple energy will bring the primary energy to the foreground and allow
those reflections to be interpreted. However, in order to remove the multiple energy there
needs to be identifying characteristics to discriminate them from the primaries. There are
numerous techniques possible for the removal of multiples, most of which utilize either
the differential move-out between the primary and multiple reflections or the periodicity

of the multiples. The techniques that utilize differential movement of the primary and
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multiple energy are not useful in the data processed for this thesis as, due to the small
number of channels used for the recording and therefore the short offset between the
source and the receivers, there is no appreciable difference in the amount of move-out.
Techniques that utilize the periodicity of the multiple, however, can be useful on certain
parts of this data for the removal of short period multiples. A short period multiple is
defined as one that has a repeat interval that is only a few times the length of the source
wavelet, and can therefore be discriminated on the basis of its periodicity using predictive
deconvolution (Backus, 1959). For this data, predictive deconvolution with a prediction
lag equal to the sea bed arrival time was attempted in shallow areas along each of the
lines processed for thesis. The deconvolution operators are tested on both pre-stack and
post-stack data to determine which provides the best result. Figure 3.22 shows the
resultant data and autocorrelation function of 1200 CDP’s along line 412 after predictive
deconvolution, with a prediction lag ranging from 80 to 120 ms and a gate length of 300
ms, was applied to post stack data. When compared with the original non-deconvolved
data seen in Figure 3.20, it is obvious that the deconvolution was successful at attenuating
the short period multiple and bringing out primary reflections that were hidden beneath
the multiple energy. Unfortunately, this method only proves to be beneficial where the
sea bed appears at times less than 200-300 ms and the multiple repeats numerous times in

this section.
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3.2.8 (2) Wave equation multiple rejection

For the removal of the long period multiples, which predominate in this dataset, a method
that utilizes neither the differential movement of the primary and multiple energy nor the
periodicity of the multiple must be introduced. One such method involves using the
acoustic wave equation to estimate water bottom reflectivity, and from this to predict an
appropriate model of the sea bed multiple in terms of time, amplitude and phase. The
predicted multiple model can then be subtracted from the original data to theoretically
obtain a multiple free dataset. There are, however, known limitations to this method due
to assumptions made to decrease computation time, such as the assumption that the water
bottom is flat and that it creates the only multiple in the data-set. Therefore, this method
does not deal well with dipping reflectors or with peg leg multiples derived from deeper
reflections beneath the sea bed (Promax 3D reference guide, 1998). To attempt this
method on the data processed for this thesis, an area with a fairly flat sea bed and well
defined multiple is chosen. The original near trace gather of shots 11244-11744 along
line 67 is shown is Figure 3.23. Prior to estimating a multiple model, a number of
processes must be applied to the data including: 1) generation of a receiver water depth
trace header, 2) padding or infill of traces to produce traces at near, far and between offset
zones on the receiver record, and 3) top muting everything above the water bottom to
remove any water surface waves or refracted arrivals. The multiple estimation process,
followed by the elimination process, can then be applied to the data. The result of the

initial attempt on shots 11244-11744 of line 67 is shown in Figure 3.24. When compared
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with the original data, it is obvious that although the multiple energy is somewhat
attenuated, it still dominates over the primary energy wherever the multiple appears. A
similar result is found when the process is attempted in other areas along line 67 and
along other seismic profiles in the basin. This indicates that the process is not successful
for this dataset and therefore has limitations other than those discussed above. One such
possible limitation is a difference in the phase and frequency content between the primary
and multiple energy. In theory, a source wavelet extracted from the multiple energy
should be a lower amplitude and reversed polarity version of the wavelet extracted from
the primary energy. Figure 3.25 shows the wavelets extracted from 1000 ms time gates
centered over both the primary and multiple energy along shots 11244-11744 on line 67
using the wavelet extraction process in the Promax package. This wavelet extraction
process uses a fourth order, time domain statistical approach to separate the wavelet from
the reflectivity data. Basically, a parametric model of a wavelet is matched to the fourth
order cumulants (which are high order covariance functions that retain phase information)
in a minimum mean squared sense (Lazear, 1993). The process requires a fairly large
number of data samples and assumes that the reflectivity coefficients are a non-Gaussian
random series. Figure 3.25 shows an obvious phase difference between the two wavelets
in that the primary wavelet has a general minimum phase character, with a large trough
before the main positive peak that is larger in amplitude than the trough below, while the
multiple wavelet has more of a zero phase character, with negative peaks below and

above the main positive peak that are closer in amplitude. The frequency spectra
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extracted from 1000 ms time gates representing the primary and multiple energy are
shown in Figure 3.26. The spectra show a subtle, but noticeable, change in the frequency
content of the primary and multiple energy, especially at frequencies higher than 100 Hz.
This suggests that there is a frequency attenuation or a filtering effect creating the
apparent phase difference between the primary and multiple energy. The wave equation
multiple estimation process accommodates for differences in amplitude and polarity that
are expected between the primary and multiple reflections, but does not accommodate for
such phase changes. This leads to a multiple model, derived using the acoustic wave
equation and estimated water bottom reflectivity, that is not equivalent to the multiple
energy in the data and is therefore not eliminated during the subtraction process.

An attempt can be made to make the primary and multiple energy more
comparable in terms of frequency content and phase by applying a frequency filter to the
primary reflections lying above the multiple. A Butterworth filter with a high cut of 100
Hz and a slope of 8 db/Hz is chosen based on the frequency spectrums, shown in Figure
3.26, and applied to the data in a time window extending from just above the multiple up
to the sea bed reflection. The wavelet extracted from the primary reflections of the
filtered dataset is shown in Figure 3.27, along with the reversed polarity wavelet extracted
from the multiple reflections. The phase of the filtered primary wavelet is now much
more comparable to the wavelet extracted from the multiple energy of original dataset.
Reapplying the wave equation multiple rejection process to the filtered data gives the

result shown in Figure 3.28. The multiple is now slightly better attenuated than in the
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initial attempt at the multiple rejection process shown in Figure 3.24, however the
multiple is still obvious and becomes even more so after the data has been stacked (see
Figure 3.29). Considering how minimal the improvement is between the Butterworth
filtered data and the original dataset and considering the frequency limiting effect that the
filter has on the data, it is not beneficial to filter the data prior to applying the multiple
rejection process. Overall, the wave equation multiple rejection process is unsuccessful
at removing the sea bed multiple in the data processed for this thesis.

3.2.9 Velocity Analysis and Stacking

Stacking involves averaging all traces for the same common depth point to
increase the signal to noise ratio. In theory, the higher the fold of the data the better
resolved the subsurface will be. In the case of the data processed for this thesis, the fold
ranges from 3-fold for lines 412, 489, 517 and 501 to 4-fold for lines 23 and 67. Stacking
velocities can be derived directly from seismic data and are related to normal move-out
velocities, which are used to correct travel times for non-zero offsets. The velocities are
chosen based on a velocity hyperbola that best fits the data over the spread length.
Unfortunately, velocity estimation is limited by both spread length and stacking fold, both
of which are relatively low in this data-set. The lack of large offsets, and therefore lack of
significant move-out, limits the ability to discriminate velocities, while the low stacking
fold limits the resolution that can be achieved in the velocity spectra (Yilmaz, 1987). The

spectral resolution issue can be remedied by using supergathers in the velocity analysis

instead of individual CDPs. Averaging adjacent CDPs into a supergather increases the
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signal to noise ratio and gives the impression of higher fold data. It is especially useful in
areas of low dip where there is little variation in the arrival time of events. In the data
processed for this thesis, supergathers of 3, S and 11 CDPs are utilized depending on the
dip and structural complexity of the subsurface.

To interpret stacking velocities in the Promax package the interactive velocity
analysis tool is used. This tool has four display panels each of which can be used to pick
the appropriate velocities (see Figure 3.30). The first display panel is a semblance plot
which displays the stack response as a function of time and velocity in a contour plot
(Promax 3D reference guide, 1998). The maximum semblance peak lies at the velocity
which represents the hyperbolic trajectory that best stacks the data, and therefore
represents the appropriate stacking velocity. The second display panel represents a
common offset stacked supergather of a chosen number of CDP’s. A normal movement
correction can be interactively applied to the data to determine the degree to which the
chosen stacking velocity will flatten the event in question. The third panel is a dynamic
stack, which displays an approximation of a stack generated at the specified velocity pick.
The fourth panel shows a series of normal move-out corrected gathers at a series of
constant velocities. The best normal move-out correction should indicate the most
appropriate stacking velocity.

Using a combination of the four display panels described above, the most
appropriate stacking velocities can be chosen. However, as mentioned above, the lack of

large offsets makes velocity discrimination difficult and often there is little difference in
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the stacking ability of a series of velocities. The most appropriate velocity was therefore
chosen based both on the methods described above and on the known geology of the area.
Figure 3.30, 3.31 and 3.32 show the velocity analyses at various points along line 412.
Figure 3.30 shows an analysis of a supergather with 11 CDP’s in a relatively flat area
with a thick Pliocene-Quaternary sequence as shown in Figure 3.33. The chosen rms
velocities are shown on both Figure 3.30 and Figure 3.33. The stacking velocities
increase steadily through the thick Pliocene-Quaternary succession, increase fairly
dramatically at the inferred evaporite layer at 2400 ms, and then decrease at the base of
the evaporite layer. Figure 3.31 shows an analysis of a supergather of S CDP’s in a
slightly more dipping area with a thinner Pliocene-Quaternary sequence as shown in
Figure 3.34. The chosen rms velocities are shown in both figures, and show generally
the same pattern as the previous area with increasing velocities through the now thinner
Pliocene-Quaternary succession and a jump in velocity at the inferred evaporite layer at
1450 ms. Figure 3.32 shows a velocity analysis of a supergather with just 3 CDP’sin a
steeply dipping area with a shallow multiple, as shown in Figure 3.35. Both the dip of the
events and the interference between the multiple and the primary energy limits the
usefulness of methods available for velocity analysis. Appropriate velocities can be
better estimated based on the inferred geology of the area and on velocity picks from
correlated reflectors in nearby areas.

The CDP/Ensemble Stack tool is implemented to stack the common depth point

traces for this dataset. The stacking algorithm chosen is straight mean stack,
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which sums the sample values and divides by the number of samples summed and raised
to a power of 0.5 (Promax 3D reference guide, 1998). The stacking process is successful
at increasing the signal to noise ratio of the data, as exemplified by comparing the near
trace gather and stacked section of CDP’s 4000-5500 on line 412 in Figure 3.36.

3.2.10 Migration

Migration is applied to the data to collapse diffractions and bring dipping
reflections to their true subsurface position. The aim of migration is to create a seismic
image that is most similar to the geological cross section along the same profile. A post-
stack Kirchhoff time migration is chosen for this data-set. Kirchhoff algorithms are based
on summing seismic amplitudes along diffraction hyperbolas with added amplitude and
phase considerations to correct for spherical spreading and wavelet filtering effects
(Yilmaz, 1987). These migrations use a vertically and laterally varying RMS velocity
field and tend to deal well with steep dips and vertical velocity variations. The main limit
of this process is in dealing with lateral velocity variations as they tend to distort the
hyperbolic diffraction pattern along which the summing takes place. In data processed
for this thesis, lateral velocity variations are minimal and are only a concern in areas
where salt cored folds appear. Another benefit of the Kirchhoff migration for this
particular data-set is the ‘avoid spatial aliasing” option. As mentioned above, spatial
aliasing does occur in some areas of the data-set and if this option is not chosen the

quality of the migration will degrade.
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Other than RMS velocity fields, the parameters that must be set for Kirchhoff migrations
include maximum frequency, maximum dip to migrate, and aperture. The maximum
frequency is chosen at 350 Hz based on the high cut of the band pass filter applied to the
data. The maximum dip is chosen at 90 degrees, so that potentially steep dips will not be
overlooked. An appropriate aperture can be chosen based on maximum aperture values,
which are calculated within the Promax package using the user-defined velocity field and
the steepest dips present. For each of the lines, the calculated maximum aperture values
vary between about 3000 m and 3700 m. To maintain uniform amplitude characteristics,
the same aperture value of 3000 m is chosen for all lines. A value higher than 3000 m
would not be beneficial as large aperture values can degrade the quality of the migrated
section by allowing random noise from deeper times to be brought into the shallow data.
RMS migration velocity fields are chosen through analysis of the data and can
vary from simple to detailed depending on the geology and structural complexity of an
area. It is a common practice to set migration velocities as a certain percentage of the
stacking velocities. However, considering the difficulties described above in choosing
appropriate stacking velocities, it preferable to use another method of velocity picking. A
constant velocity migration, initially set at the approximate water velocity of 1500 m/s, is
applied to each of the lines and the result is visually inspected to determine where the
velocities are too high, too low, or appropriate to successfully migrate the data. Figure

3.37 and Figure 3.38 show a non-migrated and a 1500 m/s constant velocity migration of
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CDP’s 6000-8000 on line 501, respectively. The 1500 m/s velocity is fairly successful at
migrating the section in shallow areas but does only a moderate job at collapsing the
diffractions at deeper times at and below the M-reflector. To achieve a better migration,
velocities in the deeper section are increased iteratively until the most appropriate
velocities are found. The RMS velocity field chosen is shown in Figure 3.39 | with the
final migrated section shown in Figure 3.40. Another example of the migration process is
shown with CDP’s 19000-22000 along line 67. Figures 3.41 and 3.42 show the stacked
section and constant 1500 m/s velocity section, respectively. In this case the constant
velocity migration shows evidence of both over-migration, between 1400-1800 ms at
CDP locations 19201-19601, and under migration, at a number of locations at times later
than 1200 ms. The final velocity field and final migrated section are shown in Figures
3.43 and Figure 3.44, respectively. This section is more complicated than the example
shown along line 501 due to out of plane effects caused by crossing 3-dimensional
structures at angles not perpendicular to the strike of the structures. If more data were
available, a 3-dimensional migration might achieve a better result for these out of plane
reflections. With the exception of these complicated areas, the post-stack Kirchhoff time
migration achieved good results for all lines processed for this thesis. Even in areas with
lateral velocity variations, due to salt diapirism, the migration algorithm was fairly

successfully at placing the dipping reflections.
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3.2.11 Time Variant Filtering

High frequency noise, not obvious prior to migration, appears in the migrated data
at various places and times in each of the lines processed for this thesis. Figure 3.45
shows an example of this noise on CDP’s 8200-10200 of a migrated stack along line 412.
The noise appears to be an artifact of the migration process, possibly caused by noise
from the deeper section being brought into the shallower times due to summing along the
diffraction hyperbolas. Fortunately in most places where the noise occurs, it is at times
late enough that the primary events have a lower frequency than the generated noise. High
frequency filters should therefore not eliminate the primary reflections. To avoid these
filters affecting high frequency shallow events the filter must be spatial and temporally
limited to affect only the areas affected by the noise. Figure 3.45 shows the time gate
chosen for time varying filtering in this portion of line 412. A bandpass filter with
parameters 25-50-150-200 was applied between these time gate boundaries. The filtered
result, in Figure 3.46, shows that the noise has been attenuated leaving only the primary
energy reflections behind.

3.2.12 Trace Mixing and Decimation for Plotting

Trace Mixing involves averaging adjacent traces and is done for two reasons in
this data-set. The first reason is to make the reflections appear more continuous by
enhancing low dip events. The second reason is for plotting purposes. For the lines
processed for this thesis, trace mixing is done with three adjacent CDPs. It is then

possible to plot only every second trace after trace mixing.
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3.3 Summary of Data Processing

The processing flows for each of the lines processed for this thesis were similar,
with minimal changes based on the amount of noise in the sections, the degree of spatial
aliasing, and the number of static corrections required. There were also small variances
in the filter parameters, predictive deconvolution operators and in stacking and migration
velocities. Overall, the processing resulted in quality seismic images despite the modest
source volume and CDP stacking fold. Reflections are generally imaged to 2-3 seconds
two-way time below seabed, even when water depth is more than 1 km. The main
obstacle in the processing, which remains unresolved, is in the removal of long period
multiples. The wave equation multiple rejection process attempted on this data was
unsuccessful at removing the sea bed multiple. This is likely due to the inability of the
algorithms used in the multiple rejection process to deal with even gently dipping sea
beds or to deal with multiple energy that differs, in phase and frequency content, even
slightly from the primary energy. The limitations of this process, and of other multiple
attenuation methods, cause the processes to be unsuccessful when applied to this dataset.
In order for multiples to be dealt with in any data collected from this basin there would
need to be a change in the acquisition parameters. The desired outcome of changing these
parameters would be a dataset with multiple energy that can be more easily differentiated
from primary energy, and therefore be more easily eliminated. Some such changes could
include increasing the number of receiving channels, which would increase the offset and

therefore hopefully create a difference in the amount of move-out between the primary
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and multiple reflections. If a noticeable difference in move-out could be achieved,
processes such as stacking or radon transform could be useful to suppress the multiple
energy. Another possible approach is to implement an increase in the length of the
recorded data. This should increase the number of repetitions of the multiple, at least in
shallow areas, and make processes like predictive deconvolution more widely beneficial

in data collected from this basin.
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Chapter 4: Seismic Descriptions

In this chapter, the seismic data located in figures 4.1 (also see figure 4.2) will be
utilized to describe and correlate seismic sequences and structures found in the Outer
Cilicia Basin. The sequence and fault descriptions will then be used to estimate age
relationships for the layers and structures, with adherence to the rules of stratigraphic
architecture and structural relationship. Wherever possible, an attempt will be made to
correlate these structures and sediment layers with the onland geology. In the chapter
following, the descriptions will be discussed further in relation to the origin of the
structures and the evolution of the basin during Neogene time.

The descriptions of both sequences and structures are limited to those observed in
the Miocene and later. This is due to a relatively short seismic record length, a lack of
seismic resolution at depth, and to multiple energy masking the primary energy in many
areas. The descriptions are also limited by the seismic coverage in the basin. In general,
the north-south directed dip lines are separated by about 15 km, while the east-west
directed strike lines are separated by at least twice that amount (with exception of the
western portion of the basin where there is better seismic coverage). This coverage
should allow correlation of major basin-wide features, but may limit the interpretation of
more local features.

All interpretations were made from paper seismic sections plotted in either CGM
or TIFF format. Care was taken to make sure that all sections were plotted at the same

scale and that all interpretations were done on appropriately scaled sections. Some
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references in this chapter relate to fold-out seismic sections of complete lines, included in
Appendix 1 and referenced as Al-Figure 1, etc. These sections are vertically exaggerated
by a factor 8X, making faults and structures dip more steeply than they do at true scale.
True dip indicators are included on each seismic profile to give a better indication of the
actual dip of the structures. It should be noted, however, that the true dip indicators are
calculated based on water velocity (1500 m/s), and may therefore be somewhat
misleading for deeper structures. Contour maps were created using hand- picked time or
isochron values (both in two way travel time), which are then plotted at the appropriate
location and hand contoured. Picks were taken at every available navigational fix
location, which corresponds to an interval of about 1.7 km. As stated in the previous
chapter, the navigational fix locations represent the location of the research vessel at the
time the shot was fired. On the seismic profiles of appendix 1, however, the fix numbers
are actually plotted at the CDP location of the corresponding shot number. This results in
a few hundred metre discrepancy between the actual navigational fix location and the
location plotted on the seismic profiles. This issue can create some degree of mistie at
crossover points on intersecting seismic profiles. Generally, well-correlated tie points can
be found on intersecting seismic profiles within a maximum of one kilometre from the

navigational fix location marking where the lines cross.
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4.1 General Description of Quter Cilicia Basin

4.1.1. Bathymetry

A bathymetry map of the Outer Cilicia basin, derived from the available seismic
data, is shown in figure 4.3. The Cilicia Basin is perched relative to the significantly
deeper sea floor of the Antalya Basin, immediately to its west. The sea floor drops from a
maximum of 1300 m (assuming a water velocity of 1500 m/s) in the Cilicia basin to
about 2500 m in the Antalya Basin to the west. The Outer Cilicia Basin forms the east-
west oriented segment of the arcuate Cilicia Basin, and is considered to be the deeper and
relatively under-filled portion of the basin. The bathymetry shows the deepening of the
sea floor from shelf regions into the central portion of the basin, as well as the deepening
toward the western boundary. The sea floor drops from around 150 m along the narrow
Turkish Shelf, at the northern extent of the seismic data, reaches over 1000 m near the
centre of the basin, then shallows again rapidly toward the coastline of northern Cyprus.
The progressive deepening of the sea floor toward the west is obvious in the central zone,
where the sea floor drops from 800 m in the east to over 1800 m in the far west portion of
the basin. Closely spaced contours, both to the north and south of this western area,
indicate a rapid drop in bathymetry into the deep basin. To the north, the sea floor
gradually deepens across the Turkish Shelf and then rapidly drops into the basin about 25
km south of the coast of Turkey. To the south, closely spaced contours at the northern
extent of a northwest oriented relative bathymetric high, which extends more than 50 km

off the northwest coast of Cyprus, represents an up to 750 m drop in bathymetry
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over a 10 km distance.

4.1.2 Morphology of the Outer Cilicia Basin

The Outer Cilicia Basin is divided into five morphological zones, reduced from
the seven defined by Evans et al. (1978) and described in some detail in section 2.2.3.
The five zones, from north to south are: 1) the Turkish Shelf, 2) the northern Outer
Cilicia Basin, 3) the Central Fold Zone, 4) the southern Outer Cilicia Basin, and 5) the
Cyprean Shelf (Figure 4.4). A sixth zone, the Anamur-Kormikiti Zone, is the transition
between the Outer Cilicia and Antalya Basins. Each zone is labeled on the time structure
map across the M-reflector, shown in Figure 4.5.

The Turkish Shelf extends from the coastline to a transition zone into the deeper
basin. The transition is marked by a steep gradient in sea floor bathymetry (shown by
closely spaced contours at the northern shelf margin on Figure 4.4). The zone is
characterized by a young sedimentary succession, relatively thin in comparison to that
seen in the deep basin, directly overlying deformed older rock units. The transition
between this zone and the next is marked by deep and surficial extensional faults.

The northern Outer Cilicia Basin lies just south of the Turkish shelf break and is
the deepest part of the basin on north-south profiles (Figure 4.4). The zone is
characterized by a thick succession of young sedimentary rock units, affected by
extensional, compressional and strike slip faulting.

The Central Fold Zone lies along the centre of the basin and separates the basin
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Figure 4.5: Time structure of M-reflector in the Outer Cilicia Basin, contoured with a 100 ms contour interval.



into more simply-structured, north and south divisions (Figure 4.4). The zone is
characterized by high amplitude folds, often associated with reverse faulting and less
often with overlying extensional faults.

The southern Outer Cilicia Basin is generally shallower and has a thinner
succession of young sedimentary rock units than does the northern basin (Figure 4.4).
The sedimentary succession is relatively flat lying and undisturbed, except in the most
southerly portion of the basin where it is cut by listric, extensional faults.

The transition between the southern Cilicia Basin and the Cyprean Shelf is not as
easily defined as the northern shelf boundary, as there is generally not a rapid change in
the sea-floor bathymetry (Figures 4.3 and 4.4), except at the north end of the Kyrenia
mountain range. The transition is most often represented by a noticeable thinning of
youngest successions towards the coastline. The Cyprus Shelf itself is characterized by a
young sedimentary succession, of comparable thickness to that in the south basin,
overlying the older rock units.

The overall basin shape, as represented by both the sea-bed reflector and the
youngest sedimentary sequences, is an asymmetrical depression with its deepest point in
the northern half of the basin.

The sixth zone is the transition zone between the Cilicia and Antalya Basins and
has been described in literature as the Anamur complex (Anastasakis and Kelling, 1990)
or the Anamur-Kormakiti complex (Aksu et al., 2005). The transition is represented by

basement highs, which appear to extend from onshore mountain ranges (Figure 4.5).
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4.2 Description of seismic sequences and stratigraphy

The depositional history of the Outer Cilicia Basin can be broken down into
distinct phases using the principles of seismic stratigraphy, correlated with distant wells
drilled in the Inner Cilicia and Adana Basins. A seismic sequence is defined as “A
stratigraphic unit composed of a relatively conformable succession of genetically related
strata bounded at its top and base by unconformities or their correlative conformities”
(Mitchum et al., 1977). Sequence analysis first requires sequence boundaries to be
defined. An unconformity is a surface along which there is clear evidence that either
erosion or non-deposition has taken place, based on the angular discordance of beds
above and/or below the boundary. A conformity also separates older from younger strata,
but with no evidence of erosion or non-deposition (Mitchum et al., 1977). Schematics of
these boundary types, as well as common internal seismic configurations seen in the
basin, are shown in Figure 4.6. In the Outer Cilicia Basin, the sequence boundaries are
represented as distinct reflectors that cut off the reflectors below and/or above the
boundary. The boundaries are not easily defined everywhere because unconformities
often become correlative conformities in deeper areas of the basin. In these instances, the
sequence boundaries must be traced from areas where they are well determined to places
where the reflector is more conformable with sequences that lie above and below it.
Sequence boundaries are then correlated around the seismic grid using crossover points to
ensure the same reflector is picked on adjacent lines. This tie-line crossover point

approach, together with some jump correlation, leads to the definition of basin-wide
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sequence boundaries. Below, the main stratigraphic units are defined and described, and
their age and lithology established by correlation with onland geology and with wells
drilled in the Adana and Inner Cilicia Basins (see Figure 4.7).

Four stratigraphic units have been identified: units 1, 2, 3A and 3B (from
youngest to oldest) (see Figure 4.8). The corresponding sequence boundaries are: the M-
reflector (at the base of unit 1, light green reflector), the N-reflector (at the base of unit 2,
blue reflector) and the O-reflector (at the base of unit 3A, dark green reflector). Unit 1 is
separated into 4 seismic sequences, each separated by internal sequence boundaries.
These are from youngest to oldest: sequence A, sequence B, sequence C, and sequence D,
each separated by sequence boundaries: SB-a, SB-b, and SB-c (purple reflectors). It is
not possible to separate the older stratigraphic units into seismic sequences, as a lack of
seismic resolution at depth makes it difficult to track internal sequence boundaries Two
wells located in the Inner Cilicia Basin were used to correlate the seismic stratigraphic
units, described above, with geological units (see figure 4.9). Both wells tie, and show
good correlation, with seismic data from the Inner Cilicia Basin. These correlations were
then carried into the Outer Cilicia Basin through seismic tie lines.

4.2.1. Unit 1

Unit 1 is the youngest sedimentary package seen in the Outer Cilicia Basin and is

characterized by high frequency, acoustically strong, continuous reflections. The unit

represents the Pliocene-Quaternary succession, and is likely made up of deep water
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siliciclastics with limited turbidite deposition. The succession continues into the Inner
Cilicia Basin, where it is characterized by a prograding wedge of deltaic sediment fed
from a number of rivers, onland Turkey (Aksu et al., 1992, 2005). The unit can be
correlated with the Handere and Kuranga Formations of the Adana Basin (Yal¢in and
Gorur, 1984). The isochron thickness map of the Pliocene-Quaternary succession is
shown in Figure 4.10. The map shows that the succession is widely distributed in the
Outer Cilicia Basin and even blankets the basement highs found in the area, such as the
Anamur-Kormakiti complex and the offshore extension of the Kyrenia range. In most
areas, the succession continues onto the continental shelves, with the exception of the far
south-west portion of the basin where the succession abuts against a major, basin-
bounding transtensional fault (see Al-Figure 3, south margin). The succession is thickest
along the east-west directed, central axis of the north basin and thins towards the margins
in both north and south directions. At the northern margin, the closely spaced contours
indicate a fairly rapid increase in thickness from the shelf to central axis. This increase
occurs somewhat less rapidly over the Ecemi$ high, as labeled on Figure 4.10. At the
southern margin, the change in thickness also occurs much more gradually, as shown by
the more widely spaced contours. Figure 4.10 also shows that the Pliocene-Quaternary
succession reaches greater thicknesses on the eastern part of Turkish Shelf, toward the
Inner Cilicia Basin, which is known to have a much thicker Pliocene-Quaternary
succession (Aksu et al., 1992). In the Anamur-Kormakiti area, the succession thins

towards the basement high, but then thickens substantially in the depocentres that lie
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between thrust zone highs. It should also be noted that in areas where the Anamur-
Kormakiti complex is not represented by an obvious basement high, the Pliocene-
Quaternary successions still thin toward the western boundary of the basin (see Al-Figure
16, fix # 165-180). Smaller scale thickness variations, such as thinning over salt
anticlines, are not represented by the isochron map as neither the fix spacing nor the
contour interval are fine enough to capture these details. As mentioned above, the
Pliocene-Quaternary succession has been divided into 4 seismic sequences, each
separated by sequence boundaries.

4.2.1.1 Unit 1: Sequence A

Sequence A is characterized by high amplitude, continuous reflections that are
parallel with the upper and lower boundaries in most areas. A notable exception occurs
just south of the Turkish Shelf, where the reflections downlap onto the lower boundary as
the sediment progrades toward the center basin (e.g., Al-Figure 7, fix # 1252-1255).
Other local exceptions occur where reflections show onlapping and toplapping
relationships and where the reflections are discontinuous or chaotic. Sequence A
represents the youngest sediment deposited in the Outer Cilicia Basin.

The upper boundary of sequence A is represented everywhere as a high amplitude
reflector marking the base of the water column. The bathymetry map (Figure 4.3) shows
all major changes in the depth to the sea-floor horizon. Smaller scale changes in sea floor
bathymetry are caused by surface relief of presently active fault systems, salt diapirism,

and erosional processes. Channel cuts, created by either erosional processes or
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underlying fault systems, also commonly affect the sea-floor bathymetry, especially in the
western portion of the basin.

Sequence A is distributed across the entire basin, including a thick succession
deposited on the Turkish Shelf. In the both the east and far-west portions of the basin, the
sequence is thickest on the shelf. Most thickness changes seen in sequence A occur in the
hanging walls of extensional faults, on top of thrust sheets, or are related to rising salt
structures. These thickness changes are mainly accommodated by the convergence or
divergence of the internal reflectors (e.g., Al-Figure 7, fix # 1271-1276, Al-Figure 4, fix
# 1414-1418). A notable exception is seen both in the eastern fold belt and on top of the
offshore extension of the Kyrenia Range, where the reflectors of sequence A onlap onto
underlying growth unconformities (e.g., Al-Figure 1, fix # 112-119 and A1-Figure 3, fix
# 1503-1506). These local unconformities form at the flanks of the rising salt structures
or elevating thrust sheets.

Another feature commonly seen within sequence A, is a patchy, discontinuous,
and sometimes chaotic reflector group (Al-Figure 8, fix #1225-1232 and Al-Figure 1, fix
# 37-45). These features are only seen in the northern part of the basin and commonly
have a fairly flat base and mounded upper surface. In the western and central part of the
basin, the features are quite extensive with maximum lengths reaching between 13 and 15
km, and a thickness of over 100 ms. Farther east in the basin, the features tend to be
smaller and less continuous. These features are interpreted as gravity flow phenomena,

such as debris flows or turbidites, deposited as a result of shelf instability. Within
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sequence A, there is evidence of infilled channels cutting through this sequence, in the
central and western portions of the northern basin (Al-Figure 8, fix # 1235-1236). The
infilling sediment onlaps onto the channel walls and gives rise to generally higher
amplitude reflectors. It is possible that these channels may have acted as feeders for the
turbidite flow deposits mentioned above.

Primarily in the central and eastern portion of the basin, there is evidence of
prograding reflectors, slump deposits and shallow faulting at the boundary between the
Turkish Shelf and the deeper basin (A1-Figure 7, fix # 1248-1256 and A1l-Figure 10, fix
# 1108-1114). This suggests that the sediment of sequence A, initially deposited atop the
Turkish shelf, commonly progrades or slumps into the deeper basin.

4212 Unit l: Sequence B

Sequence B is characterized by medium to high amplitude reflections that are
parallel and concordant with the upper and lower boundaries in most areas of the basin.
Locally, however, the reflections can be wavy, hummocky, discontinuous and even
chaotic. The reflections also locally show toplap, onlap and downlap onto both internal
reflectors and onto the sequence boundaries.

The upper boundary of sequence B is a distinctive reflector, easily correlatable
throughout the Outer Cilicia Basin. The boundary separates the lower amplitude
reflections of sequence B, from the high amplitude reflections of sequence A (see Al-
Figure 6, fix # 1315-1318). The chrono-stratigraphic significance of this reflector is

obvious on an east-west profile extending through the north part of the basin (A1-Figure
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1). This profile shows SB-a as an important boundary between the underlying sequences,
which are structured and vary in thickness across the profile, and the overlying sequence,
which has a relatively constant thickness and is unaffected by most fault systems active in
this part of the basin (with the exception of those active in the far east end of the profile).
This indicates there was major structural change in the Outer Cilicia Basin between the
deposition of sequences A and B.

Sequence B is thickest in the northern part of the Outer Cilicia Basin, and thins
toward both basin margins. The thinning toward the basin margins is accommodated by
the termination of onlapping reflectors onto the lower boundary and by convergence of
the internal reflections (see Al-Figure 4, fix # 1450-1452). Unlike the underlying
sequences, sequence B is present on the Turkish Shelf and only pinches out near the
northern limit of the data set. The sequence also shows thinning over the Ecemi$ high,
accommodated by converging reflectors, as there is no evidence of terminating reflectors
toward the high. In the area of the Ecemis high, sequence B is highly structured and the
reflectors show complicated relationships involving onlap or baselap onto underlying,
folded, internal reflectors and abrupt changes in reflection character. Other complex
seismic configurations, such as wavy reflectors (see Al-Figure 4, fix 1433-1435), are
common in the western part of the north basin and are likely related to the evolving salt
structures and fault systems in the area.

The pockets of discontinuous reflectors (interpreted as debris flows) described for

the previous sequence are also present in sequence B (Al-Figure 1, fix # 5-40, Al-Figure
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6, fix # 1341-1345). In the western and central part of the basin, the features are quite
extensive with lengths and cross sectional widths of up to 10 km and thicknesses up to ~
80 ms. Similarly to sequence A, the features tend to be smaller and less continuous in the
east part of the basin. There is also evidence of infilled channels in the western part of
the north basin (A1-Figure 1, fix 30-32 and A1-Figure 4, fix # 1443-1445).

Local thickness changes occur in sequence B, as a result of the movements of salt
structures and fault systems found in the basin. The convergence or divergence of
internal reflectors accommodate these thickness changes. The sequence thins over the top
of salt anticlines, and thickens slightly in the adjacent synclines in some areas of the
central fold zone (A1-Figure 6, fix # 1330-1332). The sequence also thickens in the
hanging walls of certain extensional or transtensional faults that lie in both the north and
south basins. Thickness changes also occur on top of the offshore Kyrenia range, due to
the movement of the underlying thrust systems.

4.2.1.3 Unit 1: Sequence C

Sequence C is characterized by high amplitude, continuous reflections that are
parallel and concordant with its bounding surfaces, in most areas of the basin. Locally,
however, the reflections converge and diverge, as well as showing onlap, downlap, and
toplap onto the upper and lower boundaries. Sequence C is either a continuation of
Pliocene deposition, or the initial deposition of the Quaternary succession in the Quter

Cilicia Basin.
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The top of the sequence C is a high amplitude reflector, easily correlated across
the entire Outer Cilicia Basin. The SB-b reflector is most easily picked on the Turkish
margin where it has the appearance of an erosional unconformity. Underlying reflectors
are noticeably terminated by the boundary (e.g., Al-Figure 4, fix # 1445-1447), while
overlying reflectors show a strong onlapping relationship (e.g., Al-Figure 4, fix # 1447-
1449). In the southern basin, the reflector is picked based on a noticeable amplitude
change between sequences B and C (e.g., Al-Figure 5, fix # 1380-1386).

Sequence C shows a similar distribution pattern to sequence B. The sequence
thins towards both basin margins and pinches out onto the Turkish shelf (see Al-Figure
3, fix # 1466-1470). The pinch out occurs farther landward than that of sequence D (see
below description), which indicates a further relative sea level rise across the northern
shelf between the deposition of the two sequences. Thinning toward the basin margins is
accommodated by the termination of reflectors as they onlap onto the basin margins.
Thinning also occurs towards the Ecemi$ high, accommodated by progressive onlap onto
the lower boundary towards the high (A1-Figure 1, fix # 65-70). More complicated
seismic configurations, such as the onlap, toplap, and downlap of reflectors onto both the
sequence boundaries and onto other internal reflectors, are common in the central and in
the western portions of the basin. A good example is seen on Figure 4.11 (Al-Figure 4
fix # 1432-1438), where prograding clinoforms appear 5-10 km away from rising salt

structures.
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Local thickness changes occur in sequence C, as a result of the movements of salt
structures and fault systems found in the basin. These thickness changes generally occur
over the same structures and by the same means as those of sequence B (see above
descriptions).

4.2.1.4 Unit 1: Sequence D

Sequence D is represented by low to medium amplitude reflections with moderate
to good continuity. Wherever present, the sequence directly overlies the M-reflector, and
therefore represents the earliest Pliocene deposits found in the Outer Cilicia Basin. The
internal reflections are mainly parallel and concordant, but do show local converging and
diverging patterns where the unit changes in thickness. There is also evidence of onlap or
downlap of the reflectors onto the lower boundary, most noticeable at the basin margins
(see Al-Figure 7, fix # 1256-1264).

The top of depositional sequence D is a strong, high amplitude reflector that
separates the relatively low amplitude reflectors below from the much higher amplitude,
continuous reflections of depositional sequence C above. SB-c does not appear to be a
major basin-wide erosional unconformity, as there is limited or no evidence of erosion
across the boundary. However, the noticeable change in reflection character (e.g., Al-
Figure 2, fix # 200-215), combined with the evidence of sequence C’s onlap onto the
boundary (e.g., Al-Figure 4, fix # 1448-1450), suggest that it represents a basin-wide

break in deposition in a progressively deepening basin.
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Sequence D is thickest in the northern part of the Outer Cilicia Basin, and thins
toward both basin margins. The thinning is accommodated mainly by the progressive
landward termination of reflectors as they onlap onto the lower boundary. The
sequence’s pinch-out onto the northern margin oversteps the deposition of the underlying
evaporite sequence suggesting a rise in sea level from late Miocene to Pliocene time.
Onlap occurs onto internal reflectors away from basin margins, suggesting deposition in a
continuously deepening basin. The sequence also thins dramatically over the Ecemi$
high, in the central part of the north basin. This thinning is accommodated by progressive
onlap onto the lower boundary towards the high. In areas where this sequence infills
Messinian age channels, the reflectors are higher amplitude, and portray an infilling,
mounded type character with baselap onto the channels walls (A1-Figure 3, fix # 1470).

Other than the general thinning toward the margins, the sequence keeps a
relatively constant thickness throughout the basin. In other words, the sequence does not
show appreciable thinning or thickening over salt structures or due to fault systems found
in the Outer Cilicia Basin. The only area where thickness changes in sequence D can be
related to structural causes is at the offshore extension of the Kyrenia range, where
sequence D does show thinning over the top of the basement highs created by the
underlying thrust systems (A1-Figure 3, fix # 1500-1508).

4.2.2 Unit 2
The internal seismic configuration of Unit 2 is characterized by variable

amplitude and discontinuous reflectors. Where internal reflections can be traced, they are
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relatively parallel and concordant with the upper boundary. In areas where the upper
boundary 1s dipping, the internal reflections tend to follow the same pattern. In some
places, the discontinuous signature is interbedded with high amplitude and continuous
reflectors. Unit 2 correlates with an evaporite layer that was widely deposited throughout
the Eastern Mediterranean Sea during Messinian time. In the Cilicia Basin, the unit is
known as the Adana Group (see Figure 4.9) and is made up of a combination of halite,
gypsum, anhydrite and, in some coastal regions, possibly carbonates (Yalgin and Gortr,
1984). The locally high amplitude and continuous reflectors could be the result of muds
deposited during hiatuses in the evaporite deposition. Nearing the Turkish margin, in the
western part of the basin, the seismic reflectors become more continuous and higher
amplitude (this area is outlined between the green contour and the northern extent of the
data-set on Figure 4.12). This is likely due to a lithology change from acoustically
transparent halite, in the inner basin, to more carbonate or gypsum, at the basin margin.
These deposits possibly correlate with Messinian-aged sandstone, gypsum and
fossiliferous limestone successions, including the Taslik, Eskikoy and Gebiz formations,
found in the Aksu and Manavgat Basins, onshore Turkey (Akay et al., 1985,
Karabiyikoglu et al., 2000).

The present day distribution of the Messinian evaporites in the Outer Cilicia Basin
is outlined by the zero contour on Figure 4.12. It should be noted, however, that due to

movement of the ductile layer since it was deposited, the present day boundary is likely
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Figure 4.12: Isochron map of Unit 2 in the Outer Cilicia basin, contoured with a 100 ms contour interval.



not equivalent to the original depositional boundary. Considering the most likely
direction of salt movement is toward the centre of the basin, the current distribution
should be considered the minimum basin size at the time of deposition. The time
thickness map shown in Figure 4.12, indicates that Unit 2 is distributed through much of
the Outer Cilicia Basin. The unit pinches out onto both the northern and southern
margins of the basin, as well as onto the Anamur-Kormakiti high. The northern pinch out
is much deeper in the basin than the southern one, which occurs close to the Cyprean
shelf (see Al-Figure 7). Previous work has also indicated that the evaporite layer
continues well into the Inner Cilicia Basin and pinches out onto the Misis-Kyrenia thrust
belt, to the south-east (Aksu et al., 1992, 2005). The evaporites are also present in a small
depocentre, lying between two relative basement highs, in the Anamur-Kormakiti
complex (Al-Figure 14, fix # 1584-1590). Unit 2 directly overlies Unit 3A in most areas,
with the exception of a relatively narrow zone in the northern basin where it lies directly
on top of Unit 3B. This suggests that the evaporite layer pinches out higher, or more
landward, on the Turkish margin than the older unit below (Al-Figure 7, fix # 1264-
1265).

Although the thickness distribution map of the evaporite layer covers most of the
basin (see Figure 4.12), the dotted contour lines indicate areas where the thickness is
uncertain due to the base salt reflector not being imaged. It should also be noted that the
thickness at any particular point might have changed through time due to movement

within the ductile layer. Thickness variations may therefore depend upon either
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depositional processes, or on later salt movement. This problem will be further addressed
in Chapter 5, where salt structures are discussed in more detail. The time thickness map
shows the evaporite layer thickening away from both the basin margins and the Anamur-
Kormakiti complex. Although the thicknesses can only be estimated, it is likely that the
layer is thickest within the salt anticlines in the central fold zone. In the north basin, the
layer is at its thickest point near the boundary with the central zone. In the south basin,
the layer thickens away from the Cyprus margin, but then thins again toward the centre of
the basin. This creates a rather abrupt change in thickness along the central basin line.

The top sequence boundary is a high amplitude, continuous reflector that is easily
discernible across the entire study area. The boundary marks the top of the evaporite
layer wherever the layer is present. Where the layer is not present, it separates pre-
Messinian stratigraphy from the Pliocene succession above. The reflector has been called
the M-reflector by Ryan et al. (1973), and is known to be a Mediterranean-wide
unconformity separating rocks of the Miocene and Pliocene epochs. Evidence of erosion
on the seismic data, such as cut off of underlying, dipping reflectors and channel cuts into
the underlying evaporite layer, supports the notion that the sequence boundary is indeed
an unconformity. Variations in the structure of the M-reflector are generally the result of
either erosional processes, displacement on faults or deformation due to the underlying

salt layer.

157



4.2.3 Unit 3A

Unit 3A directly overlies Unit 3B in all areas where both units are present. The
thickness and distribution of Unit 3A is shown in Figure 4.13. The sequence has been
correlated with the mid-late Miocene age marls and chalks of the Kuzgun formation of
the
Adana Basin (Williams et al., 1995) (Figure 4.9) and the Pakhna formation of the
foothills of the Kyrenia Mountains (Robertson and Woodstock, 1986). There is a clear
pinch out, shown at the zero thickness contour, onto Unit 3B at the northern margin of the
basin. The south margin pinch out is generally less well represented, but the absence of
this formation in the northern Kyrenia range suggests that the unit does indeed pinch out
within the outer Cilicia basin (Robertson and Woodstock, 1986). The sequence also thins
towards, but possibly continues, onto the Anamur-Kormakiti complex. Figure 4.13 also
shows that the sequence thickens away from the basin margins toward maxima reached in
both the central zone of the east portion of the basin and near the Anamur-Kormakiti
high. Unit 3A has a thickness of just less than 350 ms in all areas where fully developed.
The internal seismic character shows low frequency, low to medium amplitude reflections
with limited lateral continuity. The reflections are most continuous at the top of the
sequence where they generally follow the upper boundary. Similarly to unit 3B, the
reflections appear more continuous at the basin margins and near the Anamur-Kormakiti
high than in the central part of the basin.

The top of Unit 3A is known as the N-reflector. This reflector is high amplitude
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Figure 4.13: Isochron map of Unit 3A in the Outer Cilicia Basin, contoured with a 100 ms contour interval.



and laterally continuous where it is well imaged, but virtually indiscernible in other areas.
Figure 4.13 shows dotted line contours in areas where N-reflector is difficult to pick. The
poor imaging of this reflector is mainly due to attenuation of signal strength within the
overlying high velocity salt layer. This is especially true in areas where the evaporite
layer is quite thick, such as in the central folded zone. Overall, the boundary is best
imaged in the western part of the south basin and near the Anamur-Kormakiti high. The
reflector is generally either flat or gently dipping, except in areas where it is cut by
northward verging, low angle thrust faults (further discussed in section 4.3.2). There are
also some incidences where the N-reflector follows the topography of the M-reflector
above (Al-Figure 5, fix # 1389-1395), but this is more likely due to velocity pull up
effects than due to structural causes. There is some disagreement in the literature of
whether the N-reflector represents an unconformity or a conformable surface. Robertson
et al. (1991) suggest that in some areas the evaporites conformably overlie the underlying
succession with no evidence of emergence, but that in other areas there is evidence of
conglomerate units and freshwater deposits at the base of evaporites suggesting subaerial
exposure and erosion. In our data, there is subtle evidence of underlying reflectors being
cut off by the sequence boundary (see Figure 4.14). This suggests that the reflector is an
erosional unconformity, at least in some areas of the basin.

4.2.4 Unit 3B

Unit 3B is the oldest definable sequence in this data set. It is distributed over all

parts of the basin and clearly continues up the Cyprus Shelf. It is assumed that the unit
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also continues onto the Turkish Shelf, as there is no clear pinch out of the sequence onto
the northern margin. This unit is thought to represent Oligocene to mid-Miocene age
marls and turbidite deposits, as correlated with the Giiveng and Cingoz formations of the
Adana Basin (Williams et al., 1995) (Figure 4.9), the Karata$/Isali- Aslanta$ formations
of the Misis Mountains (Kelling et al., 1987) and the Kythrea group, first described from
Kyrenia Mountains (Robertson and Woodcock, 1986). The thickness of the unit is
unknown as the base of the unit is not imaged. The seismic character shows fairly low
frequency, medium to high amplitude reflectors with varying continuity. At the margins
of the basin the reflectors generally show better lateral continuity than those in the central
basin. The amplitude of the reflections decreases in intensity downwards, but this is more
likely caused by signal attenuation than by any geological phenomenon.

The top of the sequence, termed the O-reflector for the purpose of this thesis, is
mainly a medium to high amplitude reflector with varying degrees of continuity. In the
south basin, the reflector is well imaged and continuous in the east part of the basin, but is
more discontinuously imaged in the west. In the north basin, the opposite is true, with the
reflector being more continuously imaged in the west. The reflector is poorly imaged
beneath the central, folded zone everywhere in the basin. The boundary is most likely an
erosional unconformity, as evidenced by the cut off of dipping reflectors below (Al-

Figure 7, fix # 1285-1287).
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4.3 Description of faults and structural elements for each zone

In this section the major faulting systems and other structural features, such as
salt-related folds, found in the Outer Cilicia Basin are described. Each of the
morphological zones, introduced above, will be discussed separately, as most of the
structural elements found in the basin tend to be zone specific. Some of the surrounding
onland and pre-defined basinal fault systems, first described in Chapter 2, will be further
discussed in this section in reference to the faults mapped during this project.

In the seismic data from the Outer Cilicia Basin, faults are recognized as seismic
discontinuities cutting through relatively conformable strata. In order to group the
individual faults into consistent fault sets and to correlate the discontinuities basin-wide,
the characteristics of each fault must first be established. These characteristics include
the type and direction of fault movement, the dip of the fault plane and the extent of the
stratigraphy cut. If these characteristics are comparable for faults interpreted on adjacent
seismic lines, these faults can be correlated in plan view. Once faults are correlated, the
orientation and spatial extent of the fault systems can then be interpreted. A map view of
faults correlated throughout the Outer Cilicia Basin is shown Figures 4.15 and 4.16
(color-coded). In most cases the map view location of each fault is represented by the fix
location where the fault cuts the M-reflector. In areas where the M-reflector is unaffected,
the upper tip or termination point of the fault is used instead.

Episodes of extensional, compressional and strike-slip faulting have affected areas

of the Outer Cilicia Basin at various times during its history. The evolution of individual

163






S

TIInwvewv

J CYPRUS

end

1 margin extensional faults

sial normal faults

h basin Messinian aged thrusts
h domain trantensional faults
ral fold zone normal faults

ral fold zone reverse faults

h basin Messinian aged thrusts
kinned listric normal faults

1 margin transtensional faults
Quat tfranstensional faults

e transtensional faults

cet M - Pre-Pliocene transtensional faults
et N - Anamur-Kormikiti thrust faults
et O - Mini-basin extensional faults
[- Salt-cored anticlines and folds

— 36N

— 35N

| |
33°E 34°E

Figure 4.16: Colour-coded fault map of the Outer Cilicia Basin.






faults or fault systems is recorded in the sediment layers that are affected by the fault
movement. Internal folding, thickening or thinning of the sediment layers can all help
distinguish the type and age of the faulting. For example, the sediment deposited in the
hanging wall of an active listric normal fault will be dipping, and will thicken, towards
the fault plane (see Figure 4.17). These indicators are especially important in areas where
the actual fault plane is not well-imaged, and the only indication of the faulting is seen in
the geometry of the layers (i.e., thickness and dip). The various fault types each have
characteristics to help distinguish and classify them on the seismic data. Extensional
faulting is represented as normal faults, in which the hangingwall moves down relative to
the footwall. This movement is quite obvious if the slip on the fault is significant or if
the fault cuts a well-defined reflector, such as the M-reflector. The movement is also
obvious on the listric faults commonly seen in the south part of the basin, due to the fault
indicators mentioned above. Compressional faulting is represented mainly as low angle
thrust faults, in which the hangingwall moves up relative to the footwall. Indicators for
thrust faulting are mainly found in the folded geometry of hangingwall’s sediment layers.
These layers often form a ramp-flat geometry, with a steeply dipping forelimb and a
shallower dipping backlimb (see Figure 4.18). Often the thrusts have a poorly imaged
fault trace and detection depends entirely on the ramp-flat geometry of the imaged
reflectors. Strike slip faulting is generally more difficult to define on seismic data, unless
there is a significant component of dip slip combined with the transverse component. In

the Outer Cilicia Basin, the interpreted strike slip faults have a considerable extensional
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component and therefore appear as negative flower structures (Christie-Blick and Biddle,
1985, see Figure 4.19). These flower structures are distinguishable from simple
extensional grabens based on several criteria. Flower structures are characterized by
upward diverging splays, across which there are often abrupt variations in

thickness and facies of a single stratigraphic unit. Other indicators include a varying sense
and amount of separation for different horizons along the same fault or for a single
horizon across the same fault on successive profiles.

4.3.1 Structural systems found on the Turkish Shelf

The Turkish Shelf is a region dominated by east-west striking extensional faults,
most of which throw down to the south. There are two main extensional fault sets: one
deeply penetrating fault set (fault set A on Figure 4.16), the other mainly surficial (fault
set B on Figure 4.16). In fault set A, there are 3 major faults which can be traced over
most of the shelf and a number of others that have a more limited areal extent. Figure
4.20 shows these 3 major faults, labeled as F1, F2 and F3 on line 534. The faults have a
general east-west strike, which turns toward the northeast on approach to the Inner Cilicia
Basin and towards the south-west near the western boundary of the basin (see Figure
4.16, light blue). From north to south on the shelf, the extensional separation across the
M-reflector, for each of the three major faults, progressively increases. This successive
drop down of fault blocks creates a step-wise pattern from the shelf into the deeper basin.
Toward the east, the narrowing of the fault blocks leads to a fault pattern that produces a

steep slope rather than the discrete steps seen farther to the west (compare Al-Figure 5,
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fix # 1354-1359, in the centre of the basin with Al-Figure 3, fix # 1464-1470, at the
western end). The fault mapped furthest landward, or F3, has a dip separation across the
M-reflector ranging between 125 ms and 200 ms, while the more basin-ward faults have
separations of over 400 ms. The dips of the fault planes tend to increase in a landward
direction, with a 45 degree dip on the southern-most fault increasing to between 50-70
degrees on the faults farther landward in the basin. An absolute age of these faults is
difficult to determine due to the lack of age dating of the sequences affected by the
faulting. It is obvious, however, that they successively young in a landward direction. All
three faults cut through Unit 3 and Unit 2 (where present), and each dies out within one of
the depositional sequences of the Pliocene-Quaternary succession. The most basin-ward
fault terminates within sequence C, while F2 continues up to sequence B and F3
continues well into youngest sequence seen in the basin (see Al-Figure 5, fix # 1354-
1359). This suggests that while each of the faults were active during some portion of
Pliocene-Quaternary time, only the most northerly fault remained active into most recent
time. The initiation time of these faults is also difficult to determine due to inability to
distinguish thickness changes in the pre-Pliocene-Quaternary units.

In the eastern part of the basin, two additional faults appear north of F3 (see
Figure 4.15 and Al-Figure 8, fix # 1241-1245). These faults dip toward the south at
angles greater than 45 degrees and have an extensional separation generally less than 100
ms. Although these faults. are difficult to track up section, they appear to terminate within

sequence A, suggesting they were active into latest Quaternary time. In the western part
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of the basin, a north-dipping extensional fault appears just to the north of F3. This fault is
associated with up to 300 ms of separation and causes a substantial thickening within
sequence A on the north side of the fault (see Al-Figure 3, fix # 1461-1464 and Al-
Figure 5, fix # 1352-1354).

Fault set B is made up of a number of presently active normal faults, which cut
through only the youngest sequence of the Pliocene-Quaternary succession (see Al-
Figure 7, fix # 1254-1256). The fault zone trends east-west and extends mainly along the
central and eastern portion of the northern margin (see Figure 4.16, purple). The faults
making up set B are morphologically similar to fault set A, but are shallower and
associated with significantly less dip separation. Like fault set A, the dip separation on
the individual faults increases from north to south across the margin. The location and
shallow penetration of the faults suggest that they form due to localized gravity-driven
sediment sliding down the steep Turkish slope.

4.3 .2 Structural systems found in the Northern Quter Cilicia Basin

There are two dominant fault systems found in the northern Outer Cilicia Basin.
The first is an intra-salt, late Miocene age thrust fault family, which occurs mainly in the
central region of the northern basin and has an east-west to northwest-southeast
orientation (fault set C on Figure 4.16, green). The thrusts verge toward the north and
have a gentle southward dip, with an essentially flat base that steepens upwards to a
maximum of 5 degrees near the termination point (see Al-Figure 7, fix # 1267-1271).

The fault system affects the Messinian evaporite layer, with each fault splay detaching on
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the base-salt reflector and terminating well within the layer. Generally, there are 3 to 4
fault splays separated by at least a kilometre at their termination points, and they converge
downwards to form an individual fault along the detachment surface. The diverging fault
splays create an imbricately stacked thrust system with intervening thrust sheets that
overlap one another. The intra-salt horizons also show that the individual thrust sheets
exhibit a ramp-flat geometry with a steeply dipping forelimb and more shallowly dipping
backlimb.

The second fault system, is an extensional fault family, often associated with a
significant transverse component (fault set D on Figure 4.16). In cross sectional view, it
appears as a network of relatively steep faults that dip in varying directions and converge
at depth (see Al-Figure 5, fix # 1360-1362 and Al-Figure 10, fix # 1103-1107). The
fault splays are normally associated with extensional separation but are, in limited
occurrence, associated with apparent reverse separation. In plan view, there are a number
of fault traces making up this system, each having an east-west to northeast-southwest
orientation (see Figure 4.16, purple). The fault trace farther to the south is made up of
north and south dipping faults with a significant amount of normal slip of up to 20 ms on
the inter-Pliocene-Quaternary sequence boundaries (see Al-Figure 10, fix # 1103-1107
and Al-Figure 1, fix # 93-98). The faults cuts through the three earliest Pliocene-
Quaternary sequences and are associated with significant sediment growth predominantly
within sequence C, suggesting fault activity occurred during mid-Pliocene-Quaternary

time (see Al-Figure 1, fix # 96-98). The width of the fault zone increases toward the
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east, accommodated by both additional faults and a greater distance between fault splays
(compare Al-Figure 9, fix # 1153-1155 and A1-Figure 10, fix # 1103-1107). This fault
zone is tentatively correlated with the Kozan fault zone, which extends from onland
Turkey and through the Inner Cilicia Basin, where it is represented by southeast dipping
extensional faults that show growth in the lower Pliocene-Quaternary successions (see
Figure 2.4) (Aksu et al., 2005).

This fault zone in the north-west portion of the basin lies just south of the shelf to
basin boundary (see Figure 4.16 (purple), Al-Figure 5, fix # 1360-1362 and Al-Figure 4,
fix # 1445-1447). The system is made up of high angle, north and south dipping faults
that converge at depth and terminate upwards within sequence B of the Pliocene-
Quaternary succession. There is obvious sediment growth, especially on the most
northerly fault, within sequence D suggesting this fault system was active during earliest
Pliocene-Quaternary time (see Al-Figure 5, fix # 1360-1362). The faults are associated
mainly with normal slip, with the exception of the fault furthest to the south which has
apparent normal movement across SB-c, but reverse movement across the M-reflector.
The amount of dip slip is generally greater on the M-reflector than on SB-c on the fault
furthest to the north (less than 20 ms compared with over 50 ms) and on the dominant
southern fault (less than 10 ms compared with up to 30 ms of reverse separation). This
evidence of varying sense and amount of separation for different horizons along the same
fault plane gives strong indication of a transverse component to the fault movements.

Further evidence of the transverse motion can be seen in the changes in thickness and
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seismic character within sequence D on opposing sides of the fault system. This fault
system appears to correlate with a zone of structural complexity in the central part of the
basin associated with the offshore extension of the onland Ecemi$ fault zone (see Figure
2.4, and Al-Figure 1, fix # 59-71). This zone is made up of a complicated pattern of
faulting and fault-related structures, all overlying a pre-Pliocene high. The fault pattern is
made of numerous sets of two fault combinations, each of which diverge upwards and dip
in opposite directions. These faults are associated with extensional separations, generally
less than 10 ms across the M-reflector and inter-Pliocene-Quaternary sequence
boundaries. The internal character of the early Pliocene-Quaternary succession show
complex folded patterns and internal onlapping unconformities, likely a result of the fault
activity. In many cases, the faults separate hanging wall and footwall sediment with
noticeably dissimilar seismic characters. This gives a strong indication that strike slip
motion is taking place in combination with the extensional activity. Each of the faults
terminate within one of the first three sequences of Pliocene-Quaternary succession,
suggesting either that fault activity died out prior to the deposition of sequence A or
sedimentation rate was much higher that fault slip during the deposition of the sequence.
The southern region of the north basin, leading into the transition to the central
fold zone, is characterized by relatively low amplitude folds affecting the Pliocene-
Quaternary succession. The folds tend to be salt cored, and therefore can be classified as
salt anticlines (Jackson and Talbot, 1991). These folds have wavelengths of up to 5 km

and amplitudes generally less than 100 ms in the west and central portion of the basin.
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The folds increase in amplitude and frequency toward the east, reaching amplitudes of
over 350 ms near the transition to the Inner Cilicia Basin. The folding appears to have
occurred mainly during the deposition of sequence B and C, as these sequences show
thinning overtop the folds and some degree of thickening in the adjacent synclines (see
Al-Figure 10, fix # 1092-1100).

4.3 .3 Structural systems found in the central fold zone

The central zone of the Outer Cilicia Basin is dominated by relatively high
amplitude salt-cored folds affecting the Pliocene-Quaternary succession, and their related
fault systems (see Figure 4.16). The fold zone is best defined in the central portion of the
basin but can, with some difficulty, be correlated across the entire Outer Cilicia Basin. A
large number of salt -cored folds can be mapped in the eastern area of the basin (see
Figure 4.16). These folds form as a result of structural systems that extend from the Inner
Cilicia Basin and will, therefore, not be addressed in any great detail in the section.

In the central area of the basin, the fold zone is made up of one major salt
anticline, with its associated growth synclines, and several shorter wavelength, generally
lower amplitude salt cored folds (see Al-Figure 6, fix # 1325-1332). The main salt
anticline is highest in amplitude along line 489, where the time difference between the
peak of the anticline and the low in the syncline reaches over 500 ms. The amplitude of
the fold decreases in both east and west directions, and eventually loses its structural
expression in the west part of the basin. The anticline has surficial expression suggesting

the growth of the structure occurs up to the present day. Thickness changes (primarily
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thinning over the top of the anticline and thickening within the adjacent synclines) occur
within sequences A, B, and C, suggesting that folding activity began after the deposition
of sequence D and continued through the deposition of the each of the later sequences.
Two major types of faulting appear to be related to the formation of the major salt
anticline. The first is an extensional fault graben, cutting through the Pliocene-
Quaternary succession, overlying the apex of the anticline (fault set E on Figure 4.16
(light green) and Al-Figure 7, fix # 1271-1272). The faults dip at high angles, diverge
upwards and die out before reaching the sea-floor. Each of the faults detach on the M-
reflector and is therefore likely related to thin-skinned, supra-salt extension. These faults
are seen only in the central region of the basin. Toward the east, the anticline instead
appears to be associated with high angle reverse faulting, which cuts through both the
Pliocene-Quaternary succession and the M-reflector (fault set F on Figure 4.16 (orange)
and Al-Figure 8, fix # 1214-1216). The primary fault dips toward the north at an angle
greater than 45 degrees, and is associated with a 25 ms separation across the M-reflector.
In some cases, a south-dipping fault, with a dip of less than 45 degrees and similar
amount of separation, forms antithetic to the primary fault, creating an uplifted fault block
(see Al-Figure 10, fix #1088-1089). The fault dies out upwards, indicating that it is not
currently active. However, the relationship between the faulting and active rising salt
structure indicates that the fault may also still be active but represented above its tip point

by more ductile deformation in less consolidated sediments.
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Directly to the south of the main salt anticline lies a fold belt with numerous,
relatively short wavelength, salt cored folds. These folds are also best defined in the
central portion of the basin, where the folds extend over a 5 km zone, have wavelengths
of about 500 metres and amplitudes up to 150 ms (see Al-Figure 6, fix # 1325-1329).

All four sequences of the Pliocene-Quaternary succession, as well as the sea-floor
reflector, are affected by the folding, suggesting the structures are presently active.
Discontinuous reflectors along the flanks of the folds indicate that the folds may be fault
bounded, however it is difficult to determine if the discontinuities are actual fault planes
or if they are due to problems imaging the fold steep-sided flanks.

Toward the west, most of the folds making up the zone tend to lose amplitude and
some eventually die off. One exception is the fold directly south of the previously
described ‘main’ salt anticline/syncline, which actually increases in amplitude toward the
west and becomes the dominant salt anticline of the system (see Al-Figure 5, fix # 1375-
1378, and Al-Figure 4, fix # 1430-1432). This fold tends to be asymmetric due to its
relationship with a high angle reverse fault system, which cuts through the M-reflector
and dies out within sequence A of the Pliocene-Quaternary succession. The reverse fault
system is made up of both north and south verging thrusts, which give rise to up to 75 ms
of separation on the M-reflector. On Al-Figure 3 (fix # 1481-1483), a fault-related sea
floor channel forms at the south side of this fold. The channel has steep edges and is over
100 ms deep, cutting down through sequence 2 of the Pliocene-Quaternary succession.

The fold belt also tends to lose its structural expression toward the east. East of
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line 423, the only fold with obvious structural expression lies just to the south of the main
salt anticline-syncline (see Al-Figure 10, fix # 1085-1087 and A1-Figure 9, fix # 1169-
1171). This fold also appears to be related to a reverse fault system, which cuts through
the M-reflector and dies out within sequence A. The fault system is made up of up to
four, north- and south-dipping reverse faults, which create an uplifted structure in the
early Pliocene-Quaternary sequences and accommodate up to 35 ms of separation on the
M-reflector.

The structures described above affect the Messinian evaporite layer and Pliocene-
Quaternary succession. Imaging problems and velocity pull up effects, caused by a
thickening of high velocity evaporite layer in the central fold zone, make the
interpretation of underlying structure fairly difficult. Certain inferences can still be made,
however, based on the morphology of the affected sediment layers. A relatively large drop
in the time structure on both the N and O- reflectors on the north side of the fold zone
suggest the presence of a steeply dipping extensional fault underlying the main salt
anticline (see Al-Figure 4, fix # 1427-1431). This fault appears to accommodate up to
300 ms of dip slip and dies out below the M-reflector unconformity. Thickening within
Units 2 and 3 to the north of the fault suggests the fault was active throughout the mid to
late Miocene. Activity of the fault may have initiated earlier, but a lack of seismic
resolution at depth and short record length prevents interpretation of the earlier

sequences.
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4.3 .4 Structural systems found in the Southern Quter Cilicia Basin

The southern domain is dominated by 3 sets of faults: 1) compressional, within
the mid-late Miocene successions (fault set H), 2) extensional, within the Pliocene-
Quaternary succession (fault set I), and 3) extensional, possibly with a significant
transverse component, affecting the entire basin succession, near the transition to the
Cyprean shelf (fault set J).

The compressional faulting seen in the south basin is structurally similar to fault
set C, previously described for the north basin (see Al-Figure 7, fix # 1280-1285). The
faulting is most prominent in the central area of the domain and has a northwest-southeast
orientation (see Figure 4.16, green). The thrusts diverge and steepen upwards from a
relatively flat detachment surface along the O-reflector. The N-reflector is displaced by
the faulting and folded into a ramp-flat geometry similar to that of the inter-salt horizons
in the northern and southern domains (see Al-Figure 8, fix # 1203-1210). The M-
reflector is also displaced in this area, which may suggest the thrust faults were active up
to the end of Miocene time. A more likely interpretation, however, is that the southern
thrusts cease activity before the end of Messinian time and the displacement across the
M-reflector is caused by Pliocene aged vertical, strike slip faults (see Figure 4.21).

The Pliocene-Quaternary succession is dominantly affected by thin-skinned
extensional faults that detach on the M-reflector (fault set I on Figure 4.16, pink). These
faults can be classified as listric growth faults, due to their concave upward geometry (see

Al-Figure 4, fix # 1413-1420 and A1-Figure 7, fix # 1287-1292). Most of these faults
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are currently active and create a sea floor expression that can be described as steps
descending into the centre of the basin. These faults tend to be oriented east-west,
parallel to the south basin margin. Some fault traces can be correlated along the entire
basin margin, while others have a more limited areal extent (see Figure 4.16, fault set I).
In cross sectional view, the faults cut through the entire Pliocene-Quaternary succession
with dips up to 50 degrees, or steeper, near the top of the fault plane. In some places,
these north-dipping faults are associated with south dipping antithetic faults, which
generally extend almost to the sea-floor horizon (see Al-Figure 5, fix # 1387-1389). The
faults, especially those mapped furthest to the south, are generally associated with a large
amount of dip separation (up to 150 ms across the three inter-Pliocene-Quaternary
sequence boundaries and 50 ms on the sea floor horizon). The large amount of dip
separation, combined with the concave upwards geometry of the fault plane, creates a
rotated block geometry in the hangingwall of these faults, especially in the central and
western parts of the basin (see Al-Figure 4, fix # 1413-1420). The hangingwall
sequences also show modest thickening toward the fault plane. On the faults furthest to
the south, the youngest two sequences display the largest percentage of thickening
suggesting that fault activity occurred at the time of their deposition. The faults farther to
the north are associated with a lesser amount of dip separation and appear to display
thickening within sequences B and C, but less within sequence A, suggesting they were
active during an earlier time frame (see Al-Figure 4, fix # 1413-1419).

In the footwall of each of the listric faults, the M-reflector is folded into a
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relatively low amplitude salt roller which, by definition, is in fault contact with the
overburden along the more steeply dipping flank and in conformable stratigraphic contact
with the overburden on the opposite flank (Jackson and Talbot, 1991). The amplitude of
these salt rollers varies from line to line and for each of the individual listric faults. The
highest amplitude rollers appear on line 517, and have amplitudes of up to 180 ms
(measured on the M-reflector, from the top of the structure to base of the adjacent low).
In some areas, the salt rollers described above are associated with overlying extensional
fault grabens instead of a single listric normal fault (see Figure 4.16, fault set I). These
graben contain a number of high angle normal faults, which create a drop down or
collapse feature on the top of the relative salt highs (see Al-Figure 5, fix # 1389-1391).
Although the faults cut through the entire Pliocene-Quaternary succession the amount of
dip separation can be quantified only on the sea-floor horizon, where each fault creates
about 10 ms of separation. The combined effect of the faulting is a sea-floor depression
with walls that display a step wise pattern gradually descending to the centre of the
channel, which is about 40 ms deeper than that of the surrounding sea floor.

The transition between the south basin and Cyprean shelf is marked by a system
of north-dipping basin-bounding extensional faults, and their associated south dipping
antithetic faults (fault set J on Figure 4.16, see Al-Figure 3, fix # 1495-1498 and Al-
Figure 4, fix # 1409-1414). The system is generally made up of 2-3 north dipping faults,
lying in a 5-8 km zone directly north of the Cyprean shelf. Although these faults are

similar in orientation and appearance to the previously described fault set I, they can be
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distinguished based on their geometry, higher dip angle and their penetration into the
older sequences. These faults cut through Units 1-3 and are associated with a significant
amount of separation across each of the sequence boundaries. The amount of separation
varies, however, for each of the horizons cut by the same fault and from line to line across
the survey area. Across most of the basin, these faults result in between 50 and 200 ms of
separation on the M-reflector and between 10 and 100 ms of separation on the Pliocene-
Quaternary sequence boundaries. The individual faults merge toward the west with a
prominent fault marking the northern boundary of the Kyrenia Range (see Al-Figure 3,
fix # 1497-1498). This fault is associated with more than 1100 ms separation across the
M-reflector and over 800 ms across the sea-bed reflector. The variation in slip amount,
from east to west across the survey area, suggests that there is a significant transverse
component associated with the extensional faulting at the southern basin margin.

4.3.5 Structural systems found on the Cyprean Shelf

The Cyprus shelf is a relatively narrow zone that lacks sufficient seismic coverage
with our current data-set to provide a detailed interpretation. The seismic data either stops
just short of the shelf, or extends onto the shelf as relatively short, east-west directed
strike lines. Multiples also create a problem on the shallow shelf and prevent the
interpretation of structures much deeper than the M-reflector. That being said, however, it
1s obvious that the shelf is associated with active structures such as those in which the
Pliocene-Quaternary sequences show thickness changes related to an active fold system

(see Al-Figure 5, fix # 1399-1405, Al-Figure 4, fix # 1406-1410 and Al-Figure 8, fix #
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1189-1197). Sequences A, B, and C each show thinning over the top of the anticlinal
structures and thickening in the adjacent synclines. There is also evidence of high angle
extensional faulting, primarily present on the flanks of the folded structures. These faults
cut through the entire Pliocene-Quaternary succession, as well as the M-reflector, and
generally produce between 2 and 8 ms of separation across each of the affected sequence
boundaries. The only area of the Cyprean

Shelf that has sufficient seismic coverage to allow inferences regarding its structure to be
made is in the western portion of the basin where the shelf merges into the Anamur-
Kormakiti zone. This area will be discussed in more detail in the following section.

4.3.6 Structural systems in the Anamur-Kormakiti zone

The Anamur-Kormakiti zone is a structurally complex area, dominated by large
scale compressional structures in the pre-Messinian stratigraphy. These compressional
structures give rise to significant basement highs, which separate the Outer Cilicia from
the deeper Antalya Basin (Figure 2.3). The more recent stratigraphy is primarily affected
by extensional faulting, often with a significant transverse component.

The transition from the western Outer Cilicia Basin to the Anamur-Kormakiti
complex is characterized by thinning of the late Miocene and Pliocene-Quaternary
sequences, dominantly affected by extensional and strike-slip faulting. Figure 4.16 (light
purple (set K) yellow (set L)) shows a network of southwest oriented fault traces at the
transition, each made up of sets of oppositely verging extensional faults, which dip

towards one another and converge at depth (see Al-Figure 16, fix # 156-163 and Al-
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Figure 3, fix # 1473-1476). Morphological similarities between these faults and the east-
west oriented transtensional faults described from the northern basin domain (set D)
suggests that they may be related or extend from the same fault system. The faults in this
area are associated with between 5 and 40 ms of normal separation across the affected
sequence boundaries and in some cases separate dissimilar seismic characters (see Al-
Figure 16, fix # 161-164). The primary difference between the fault traces seen in this
area 1s in the timing of the fault activity, as revealed by the extent of the stratigraphy cut
by the each of the faults. This time variance in fault activity is illustrated in Figure 4.16
by colour coding of the fault traces to represent three main time frames. The fault traces
labeled as fault set K on Figure 4.16 (light purple) and represented on Al-Figure 16, fix #
163-168, cuts through the late Miocene sequences and terminates within either sequence
A or B of the Pliocene-Quaternary succession. It is difficult to tell when this faulting
initiated, but the internal seismic configuration of sequence C may indicate that faulting
was active when it was deposited. One possible interpretation of the seismic
configuration shown in Figure 4.22, is that internal reflectors within sequence C act as
sedimentary detachment surfaces. This phenomenom can occur as soft sediment layers
effectively detach from an underlying horizon and slide downslope due to movement on a
nearby faulting system (personal communication with Dr. Ali Aksu, May 2004). The
fault traces labeled as fault set L on Figure 4.16 (dark yellow) and represented on Al-
Figure 3, fix # 1473-1476, cut through the M, N and O-reflectors and create channels in

the sea floor, suggesting that they are presently active (also see Al-Figure 1, fix # 26-29).
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The sea floor channels are 250 ms deep and appear asymmetric on north-south profiles.
The north walls are much steeper due to their relationship with high angle normal faults
while the southern boundaries are more shallowly dipping, likely related to erosional
processes. The faults are responsible for a lesser amount of separation across the other
sequence boundaries, generally 2-20 ms of normal separation across the M, N and O
reflectors. The earliest episodes of strike-slip faulting in this area can be seen on Al-
Figure 14, fix # 1571-1574 and labeled as fault set M on Figure 4.16 (dark green). These
faults are north-south oriented, near vertical and cut through the O and N-reflector but die
out within the Messinian evaporite layer. They are associated with between 2 and 10 ms
of separation across the N-reflector.

The Anamur-Kormakiti complex is divided into two separate segments, based on
evidence suggesting it does not form a continuous structure (see Figure 4.23). The
bathymetric high representing the northern segment of the complex extends from the
onshore Tauride mountain range, but appears to lose expression about 25 km off the
south coast of Turkey (compare Al-Figure 1, fix #’s 6-18 to Al-Figure 16, fix #s172-
182). The southern segment of the Anamur-Kormakiti complex is interpreted as the
offshore extension of the Kyrenia mountain range, based on correlation of thrust zones
mapped in both areas. These thrusts are shown to have a northwest directed strike on
Figure 4.16 (fault set N), which suggests they are more likely continue into the Antalya
basin than to curve into the northern part of the complex (see Figure 4.16). This suggests

that the northern and southern segments are not connected.
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The northern segment extends from the southwest coast of Turkey and is elevated about
400 ms above the sea floor of the Outer Cilicia Basin. The bathymetric expression of the
segment dies off about 25 km south of the Turkish coast and just east of the city of
Anamur (see Figure 4.23). The boundary between the basement high and the basin is
marked by a southwest-oriented fault trace, made up of a set of oppositely dipping normal
faults (see Al-Figure 1, fix # 16-19). The faults cut through all definable sequence
boundaries and create a 200 ms deep channel on the sea floor.

A 300 ms thick Pliocene-Quaternary succession covers the northern segment of
the complex, and is cut by graben bounded by steeply dipping extensional faults creating
deep channels on the sea floor (see Al-Figure 1, fix # 6-17). The extensional faults cut
through the Pliocene-Quaternary succession and the M-reflector, and are associated with
an increasing amount of separation up the fault plane. The sea floor channels are over 100
ms deep and have steep walls, likely created by a combination of fault-related erosional
processes. The internal structure of Miocene and earlier sequences within the northern
segment is difficult to interpret based on a lack of interpretable seismic reflectors much
deeper than the M-reflector. Based on proximity to the onland geology, however, it can
be inferred that the basement high is related to an Oligocene south-verging thrust system.
Possible evidence for this thrust system can be interpreted farther south in the basin, in an
area where each of the Miocene and younger sequences thin towards the western basin
boundary (see Al-Figure 14, fix # 1576-1580). The evidence for this thrust system is

highly interpretative and is based mainly on a change in reflection character in the pre-
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Miocene sequences. The yellow reflector seen on Al-Figure 14, fix # 1576-1580 is
present to show the morphology of the thrust faults and is not associated with any
particular stratigraphic interval. In the hanging wall of the interpreted thrust, the
reflection character is higher amplitude and somewhat more continuous than that of the
sequences in the footwall. The spatial relationship between this fault and the transition
zone to the Antalya basin also lends support to its presence. Considering the
morphological differences between the two basins, it is quite likely that they are separated
by some major structural feature within the pre-Miocene stratigraphy.

The southern segment of the Anamur-Kormakiti complex is a northwest-southeast
striking bathymetric high, which extends from the north-west coast of Cyprus toward the
Antalya Basin (see Figure 4.23). Near Cyprus, the segment has a width of 25 km and is
elevated 900 ms above the adjacent sea floor in the Outer Cilicia Basin (see Al-Figure 3,
fix # 1498-1513). Toward the northwest, the structure narrows and gradually loses its
bathymetric expression, with elevations of just over 400 ms above the Cilicia Basin’s
seafloor on Al-Figure 14, fix # 1582-1592. The boundary between the southern segment
and the Outer Cilicia Basin is marked by an extensional fault, which can be correlated
with the fault set J described from the south part of the basin. In map view, the fault trace
turns from its east-west orientation, toward the northwest, and finally to a north-south
orientation near the centre of the basin. In cross-sectional view, the fault cuts through all
definable sequence boundaries, dips at angles greater than 45 degrees and is associated

with separations on the M-reflector up to 1000 ms in the southern part of the basin (see
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Al-Figure 3, fix # 1496-1498) but just over 100 ms in the centre of the basin (see Al-
Figure 14, fix # 1581-1582).

The complex is dominated by three major thrust faults, each of which can be
correlated with faults seen onshore in Cyprus (fault set N on Figure 4.16 (brown), Al-
Figure 3, fix # 1498-1513). From north to south, the faults correlate with the Orga,
Kythrea, and Ovgos faults, respectively. The offshore extension of the Orga fault has a
northwest directed strike, oriented parallel to the northeast edge of the bathymetric high
(see Figure 4.16). The Kythrea and Ovgos fault zones converge toward the west and are
represented as one northwest striking fault trace in the northwest part of the complex (see
Figure 4.15 and Al-Figure 3, fix # 1516-1530). Each of the three thrust faults dip toward
the north at angles less than 10 degrees and are associated with separations of up to 180
ms on the M-reflector. The M-reflector shows a ramp and flat geometry, associated with
each of the individual thrusts, with a relatively steeply dipping forelimb (about 10
degrees) and a more gently dipping back limb (5 degrees or less). Although these faults
appear as blind thrusts, as their tip points cannot be carried past the M-reflector, their
effect can be seen in the overlying Pliocene-Quaternary succession (see Al-Figure 3, fix #
1498-1513 and Al-Figure 12, fix # 1516-1530). Each of the sequences show a
significant amount of the thinning overtop the thrusted highs, suggesting that the thrust
sheets have been active through Pliocene-Quaternary time and continue to move up to the

present day.
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In the north-west part of the southern segment, the bathymetric highs related to
the Orga and Ovgos/Kythrea faults are separated by an extensional fault bounded mini-
basin (see Figure 4.23, Al-Figure 13, fix # 1534-1539 and Al-Figure 14, fix # 1584-
1591). The basin is bounded on all sides by extensional faults that accommodate
significant separation across the sea floor and M-reflector (fault set O on Figure 4.16,
light blue). At the eastern basin margin, there are at least two west dipping normal faults
creating a step-wise descent into the center of the basin (see Figure 4.16 (light blue), Al-
Figure 13, fix # 1536-1540). These faults dip at high angles and accommodate up to 350
ms of separation across the M-reflector. Similarly to the Outer Cilicia Basin, the mini-
basin deepens toward the northwest and is asymmetrically filled with late Miocene-
Quaternary sedimentary successions. In the northwest part of the basin, the Pliocene-
Quaternary succession is over 750 ms thick and overlies a relatively thick Messinian
evaporite layer (up to 350 ms). The presence of a Messinian evaporite layer suggests that
the basin has been structurally lower than the adjacent highs at least since late Miocene
time. The evaporite layer terminates onto the basin’s bounding faults and is assumed to
pinch out toward the south, as the layer is not present in southeastern part of the basin. In
the southeast portion of the mini-basin, a thinned (about 350 ms) Pliocene-Quaternary
succession directly overlies the mid-late Miocene rocks (see Al-Figure 13, fix # 1535-

1539).
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Chapter 5: Discussion

In the previous chapter, the major structural systems of the Outer Cilicia Basin
were defined (Figure 4.16) and described in terms of their morphology and time of
activity. A tectono-stratigraphic chart for the Outer Cilicia Basin is shown in figure 5.1.
This provides a synthesis of the major structural systems described in Chapter 4,
including the time during which they were active. Each of these systems was active for a
significant time period in the evolution of the Outer Cilicia Basin and is important in
understanding the Neogene evolution of this area. In this Chapter, the systems will be
discussed in terms of the structural and tectonic forces that control their formation and
development.

The main tectonic forces that control the evolution of the Outer Cilicia Basin are
related to its plate tectonic setting, as discussed in Chapter 1. The Cilicia Basin lies on
the Anatolian microplate and has evolved in the fore-arc setting associated with
subduction of the African plate beneath the Anatolian plate. Its evolution, however, is
complicated by a rotation in the convergence vector and a change in the mode of
convergence, from subduction to collision, since Miocene time. The forces generated at
the Anatolian plate boundaries directly, or indirectly, give rise to the compressional,
extensional and strike slip structures present in the Outer Cilicia Basin.

Before discussing the major structural systems that define the Neogene-
Quaternary evolution of the Outer Cilicia Basin, a brief synthesis of the early evolution of

the Cilicia Basin will be given. Although the early evolution cannot be interpreted
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directly using the current seismic dataset, it is important to address the entire history of
the basin. A more detailed description of the Neogene and Quaternary evolution of the

Outer Cilicia Basin will be discussed in a later section.

S.1 Pre- to early-Neogene evolution of the Cilicia Basin

The Cilicia Basin evolved in the Oligocene to early Miocene in a foredeep setting
in front of the Tauride thrust front (Williams et al., 1995; Calon et al., 2005 a; Aksu et al,
2005). During this early period of subsidence, the Cilicia Basin formed part of a large,
continuous basin that contained the present day Adana, Mesaoria and Latakia Basins.
Extension in this area likely occurred in response to either load induced flexure resulting
from thrusting in the Tauride range (Williams et al, 1995) or in response to differential slip
rates on three major faults that meet at a plate triple junction just northeast of this area
(Sengor et al., 1985). Sengor et al. (1985) proposed that when strike slip faults meet within
the continental lithosphere, incompatibility problems arise due to the buoyancy and low
shear strength of the lithosphere. Their kinematic analysis, which considered the rates and
directions of plate movements in the area, suggested that oblique, north to northwest
directed extension should result in this area. The lower to middle Miocene sedimentary
history of this basin involved the deposition of diachronous transgressive sequences (Yeti$
et al., 1995).

In the mid- to late-Miocene, a major change occurred which modified the

morphology and sediment distribution of the basin. An episode of regional compression
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led to the formation of a major fold thrust belt extending from north-east Turkey to west of
the island of Cyprus (Anastasakis and Kelling,1990; Kelling et al., 1987; Robertson and
Woodcock, 1986). This thrust belt separated the larger basin into north and south
counterparts. Onshore Turkey and Cyprus, the thrust belt is represented as two major
mountain ranges, the northeast trending Misis mountains and the east-west trending
Kyrenia mountains, respectively. These mountain ranges have similar internal structure
and, together with their offshore link, form a genetically related south to south-east
verging thrust system. Since late Miocene time, the Cilicia Basin has evolved on the back
limb of this thrust system.

In figure 5.2, a north-south profile across the Outer Cilicia Basin is compared with
a schematic piggy-back basin, edited from Ori and Friend, 1984. Morphological
similarities between the schematic and the profile support the notion that Cilicia basin has
evolved on the back limb of the Misis-Kyrenia thrust system, from late Miocene up to

present time.

5.2 The major structural systems of the Quter Cilicia Basin

In the previous chapter, five major structural systems were defined within the
Outer Cilicia Basin, along with two additional systems in the transition zone between the
Cilicia and Antalya Basins. The major structural systems within the Outer Cilicia Basin
include: 7) deep rooted normal faults at basin margins (fault sets A and J, see figure 5.3),

i) east-west oriented transtensional faults (fault set D, see figure 5.4), iii) Messinian aged
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northward-verging thrust fault systems (fault sets C and H, see figure 5.5), 7v) salt cored
anticlines and folds (figure 5.6), v) thin-skinned, listric normal faults (fault set I, see
figure 5.7). The two additional systems that dominate the transition zone between the
Cilicia and Antalya Basins are: vi) south to southwest verging compressional faults (fault
set N, see figure 5.8), vii) north to northeast trending extensional/transtensional faults
(faults sets K, L, M, see figure 5.9). The seven structural systems can be loosely divided
into two groups based on fundamental differences in the forces that control their
development. The first group is made up those structures that develop due to far-field
forces, such as surrounding plate motions and plate interactions (systems i, 77, vi, vii).
The second group is made up of structures that develop primarily due to salt tectonics
(systems iii, iv, v).

5.2.1 Structural systems formed due to far-field forces

5.2.1.1 Normal faults at basin margins

Normal faults, with significant extensional separation, are present at both the
northern and southern margins of the Outer Cilicia Basin (see figure 5.3). At the northern
margin, fault set A accommodates between 1200 ms and 1600 ms of separation across the
M-reflector. At the southern margin, fault set J generally accommodates less than 300 ms
of separation, with the exception of the far western portion of the basin where the faults
are associated with up to1200 ms of separation. The difference in accommodation
amount between the two margins is expected considering the asymmetry of the basin (see

figure 5.2). These faults most likely develop due to a combination of strike slip in the
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basin from these nearby faults. They also acts as a boundary between the primarily
transtensional domain within the Outer Cilicia Basin and the contractional domain to the
south (also see Aksu et al., 2005). Although there is no clear evidence of strike slip
motion across the faults at the northern margin, it is possible that the faults have a strike
slip origin overprinted by more recent extension.

While the strike-slip component of these faults can be related to far-field forces,
the extensional component of these faults is most likely due to more local forces. The
asymmetry of the Outer Cilicia Basin leads to a much steeper shelf along the northern
basin margin than at the southern margin. The steep gradient along the Turkish Shelf
gives rise to relatively shallow gravity induced normal faulting and sediment sliding in
the youngest sequence of the Pliocene-Quaternary succession (fault set B). Although
fault sets A and J are earlier and more time extensive, the extensional component of the
faults may be explained by a similar mechanism. Northwards up the Turkish margin, the
faults penetrate successively younger sedimentary sequences suggesting that fault activity
initiated farthest south on the margin, but later jumped to the faults farther to the north as
basin progressively tilted toward the north. The extensional component of the faults on
the southern margin can be attributed to similar gravity related processes. Although the
dip of the margin is significantly less than that seen to the north, it is likely large enough
to induce gravity related sliding along the existing strike-slip lineaments.

5.2.1.2 East-west oriented transtensional faults

The northern domain of the Outer Cilicia Basin is dominated by east-west to
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northeast-southwest trending transtensional faults (fault set D). Although it is obvious
that these faults are associated with a significant transverse and dip slip components, it is
difficult to assess the direction of the strike-slip motion as well as the origin of
extensional forces in a primarily compressional basin. The westward escape of the
Anatolian microplate and the left-lateral motion on the fault splays of the East Anatolian
transform fault suggest that these faults are also associated with left-lateral motion. Both
fault traces making up fault set D (represented in purple on figure 4.16) have been
correlated with onshore fault traces thought to extend from the East Anatolian transform
fault, the Ecemis fault zone and the Kozan fault zone. The extension of these fault traces
into the Outer Cilicia Basin suggest that splays from the East Anatolian Fault zone extend
much farther to the south-west than proposed by earlier workers (see section 1.4.2,
Sengor et al., 1985; Saroglu et al., 1992; Perincek and Cemen, 1990, Lyberis et al,,
1990).

The extensional component of fault set D requires approximately north-south
oriented extension in the northern Outer Cilicia Basin. A basin located in the forearc of an
active convergent plate boundary would not typically be associated with major
extensional forces. Convergence along the Cyprus Arc, however, has been complicated
by a 45 degree rotation since late Miocene time, resulting in a counter-clockwise rotation
of the Aegean-Anatolian microplate (Le Pichon and Angelier, 1979; Rotstein, 1984). The
rotation of the microplate is fairly well documented, but controversy remains over the

location of a single pole of rotation (Reilinger et al., 1997; Papazachos, 1999: Rotstein,
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1984). The counter-clockwise rotation of Aegean-Anatolian microplate may help explain
extensional forces within the Outer Cilicia Basin during Pliocene-Quaternary time. With
subduction locked across the central segment of the Cyprus Arc, due to the collision
between Cyprus and Eratosthenes seamount, the micro-plate begins to rotate and escape
toward the unobstructed Hellenic Arc. Mascle et al. (2000) proposed that the collision
along the Cyprus Arc also created a major discontinuity within the African plate creating
the Sinai microplate between the African and Arabian plates (see figure 1.8). If this
discontinuity continues to the north, cutting through the Aegean-Anatolian microplate, it
may further segment the plate and allow the two parts to move more independently (see
figure 5.10). The eastern area of the microplate may then rotate around a pole
significantly closer to the Outer Cilicia Basin. This tighter rotation may create a situation
where north-south directed extension could occur in the basin and be responsible for the
dip slip components of fault set D (see figure 5.11).

5.2.1.3 North to northeast trending extensional/ transtensional faults

North to northeast trending transtensional and strike slip faults dominate the
transition zone between the Outer Cilicia Basin and the Anamur-Kormakiti complex
(fault sets K, L and M). Fault sets K and L are associated with both extensional and
strike slip activity and most likely extend from the morphologically similar faults from
the northern basin (fault set D). Assuming that the two fault systems are related, a left-
lateral motion would be expected to dominate the faults in the transition zone. The only

major difference between these faults and those seen in the northern basin
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Figure 5.10: Simplified tectonic map of the eastern Mediterranean showing possible extension of the transform fault
at the west boundary of Sinai Microplate into the Aegean-Anatolian plate (edited from Aksu et al., 2005). Map
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[aré

EURASIAN PLATE °'+%—"” e
T, o
O » 7% a. *_/ Y
Lot AEGEAN-ANATOLIAN »
TS MICROPLATE ALz
. b I saN
X ) - 0] b / v
o % s H \ l
. o « 74 / Haen
w T g L
A = 7 [/ ARABIAN PLATE| _ _
SINAI o
. M“w JMICROP: ': | s
- AFRICAN PLATE o
- 0 - 28N
1 [] ] T T [] ‘f’? [] [] 1

Figure 5.11: Simplified tectonic map of the eastern Mediterranean showing how extension arises in the Outer Cilicia
Basin through the counterclockwise rotation of the eastern Aegean-Anatolian plate (edited from

Aksu et al., 2005). Map compiled from Sengor and Yilmaz (1981), Hancock and Barka (1981), Dewey et al (1986),
Mascle et al. (2000). CA = Cyprus Arc, DSTF = Dead Sea transform fault, EATF = East Anatolian Transform Fault,
ERS = Eratosthenes seamount, GSR= Gulf of Suez rift system, HA = Hellenic Arc, NATF= North Anatolian Transform
fault. Large arrows indicate the sense of plate motion relative to a fixed Eurasian plate; half arrows indicate
transform/strike-slip faults.



is in the timing of fault activity. Fault set K and L remained active throughout Quaternary
time, and in some cases up to the present day, while activity on fault set D primarily dies
out by the end of Pliocene time. This suggests that any left lateral strike slip
accommodation within the Outer Cilicia Basin had transferred to fault sets K and L by
Quaternary time. The extensional component of these faults can be explained by a

similar mechanism as described for fault set D. The northeast orientation of fault sets K
and L, however, indicate that the primary orientation of extensional stress had rotated to
northwest-southeast by Quaternary time, in association with the rotation of the Aegean-
Anatolian microplate.

Fault set M can be differentiated from the other fault sets in the transition zone
based on a number of characteristics. The faults are north-south oriented, most likely
purely strike-slip, and were active during a much earlier time frame; ending before the
end of Miocene time. Therefore, the forces responsible for these faults are most likely
not the same as those associated with the other fault sets seen in this area. There is little
evidence to indicate the direction of the strike slip motion across fault set M.

Considering the north-south orientation and the timing of the fault activity, it is doubtful
if the westward expulsion of the Aegean-Anatolian microplate had a significant impact on
these faults. Papazachos and Papaioannou (1999) suggest the presence of a linear,
northeast striking fault zone at the south-west coast of Cyprus, interpreted to be
associated with a dextral strike slip based on the fault plane solutions of earthquakes (see

figure 1.6). This fault zone is directly south of the Anamur-Kormakiti complex and may
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therefore induce enough strain in this area to produce faults with a right-lateral strike-slip
component. It is unknown, however, if this fault zone was active during the time period
associated with fault set M. The evidence of both left and right lateral strike slip faulting
in this area throughout the basin’s history makes it difficult to determine what the primary
orientation of stress would have been in late Miocene time and therefore the direction of
motion across these faults.

5.2.1.4 South-southwest verging compressional faults

South-southwest verging reverse faults dominate the Anamur-Kormakiti complex
in the far west portion of the basin (fault set N). This system was interpreted as the
offshore extension of the Kyrenia range, and therefore likely formed as a result of the
same forces responsible for the onshore mountain range. The mountain range is found
directly north of and has the same orientation as the Cyprus Arc which marks the
boundary between the African plate and Anatolian microplate (see figure 2.4). As
described in section 1.4.1.2, the Cyprus Arc is a complicated plate boundary characterized
by subduction, collision and strike slip motions. The central segment of the arc is
undergoing collisional processes as the Eratosthenes seamount collides with the
Anatolian plate (Ben-Avraham et al., 1988,1995). The compressive forces associated
with this collision are thought to be responsible for the uplift of Cyprus and thrusting in
the Kyrenia range since Pliocene time. The thrusts found in the southern portion of the
Anamur-Kormakiti complex also form as a direct result of these forces. Northwest across

the complex, the reverse faults are associated with smaller separations and with
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bathymetric highs showing less relief. This suggests that the compressive forces
responsible for the northwest oriented structures are of a smaller magnitude than the
north-south directed forces. This fits with the accepted model of the Cyprean Arc, which
suggests collision is occurring along the central segment while the western segment 1s
dominated by either transpressive forces or continued subduction.

5.2.2 Structural systems related to salt tectonics

Salt structures form in sedimentary basins due to the fact that evaporite (or “salt™)
layers are generally weaker and less dense than the surrounding sedimentary layers. This
allows the evaporite layers to mobilize and deform into complicated structures. The most
commonly accepted forces driving salt motion are: 1) differential loading, caused by
sediment progradation, erosion or extensional faulting (Jackson and Vendeville, 1994,
Koyi, 1996, Ge et al., 1997, Ings et al., 2004, Fort et al., 2004) and 2) gravitational forces,
which act primarily in basins that have tilted margins (Fort et al., 2004; Ings et al., 2004).
These forces generally induce a basin-ward flow of salt, which can cause failure in the
overlying sedimentary layers. The general structure of basins characterized by basin-ward
flowing salt is fairly predictable, with of a zone of landward extension and a zone of
seaward compression (Koyi, 1996; Ge et al., 1997, Fort et al., 2004; Ings et al., 2004).
The actual structures that form in these basins, however, are dependent on numerous
variables such as sedimentation rate, tilt angle and salt viscosity (Koyi, 1996; Fort et al.,
2004; Ings et al., 2004). Ings et al. (2004) suggested a fairly simplified four phase

evolution for basins affected by seaward salt flow driven by both progradation and
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gravitational forces. These four phases are: 1) the formation of mini-basins by the
evacuation of salt from downwarps into the adjacent upwarps; 2) the formation of
extensional and listric normal faults over salt rollers in proximal areas; 3) Seaward
translation of rafts (which are overburden fault blocks that move laterally to a degree that
are no longer in contact with their associated footwall (Jackson and Talbot, 1994)) and
the formation of diapirs at the base of the prograding slope; and 4) salt overthrusts
younger sediments beyond its depositional limit to form allochthonous salt nappes. This
simplified four phase evolution can help explain some of the structures found in the
southern and central zones of the Outer Cilicia Basin.

Both gravitational force and progradation likely play a role in mobilizing the salt
layer in the southern domain of the Outer Cilicia Basin. The southern domain is
characterized by a fairly thin Pliocene-Quaternary succession overlying a relatively
uniformly dipping M-reflector surface. The tilt of the basin generally ranges between 2
and 4 degrees. Although little research has been done to determine the minimum tilt
angle that would cause salt to mobilize, models with 4-5 degree tilts have been shown to
produce the salt-related structures described above, especially when combined with
progradation (Fort et al., 2004). Although there is no significant seismic stratigraphic
evidence that progradation occurred in this part of the basin, it is likely that the sediment
deposited in the basin was derived from the Kyrenia range and was initially deposited in

most landward regions, thereby creating some degree of differential loading.
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5.2.2.1 Thin-skinned listric normal faults

Listric normal faults form on the basin-ward flank of relatively low amplitude salt
rollers in the southern domain of the Outer Cilicia Basin (fault set I). These faults
represent the region of landward extension associated with the basin-ward movement of
salt. According to the evolutionary phases proposed by Ings et al. (2004) the layers were
first folded into low amplitude folds, forming mini-basins between salt uprisings,
followed by the formation of normal faults over the crest of the folds. As described in
section 4.3 .4, the faults were active during the deposition of the youngest three sequences,
but not during the deposition of the earliest Pliocene sequence. Basin-ward salt
movement likely began during the deposition of sequence D, leading to the formation of
these extensional faults during the deposition of the later sequences. In the central part of
the basin, the listric faults are replaced by extensional fault grabens overlying the salt
uprisings. These collapse structures most likely form in response to salt withdrawal from
the structures as the salt continues to flow downdip. This suggests that the structures are
more evolved in the central part of the basin.

The listric faults making up fault set I are more common in the central and
western portions of the basin, than farther to the east. This suggests that there may be a
correlation between the degree that the margin dips toward the north and the formation of
these structures. In the eastern portion of the basin the dip of the margin is generally only
1-2 degrees, while farther west the margin dips more steeply, up to 3-4 degrees. This

evidence supports the idea gravitational forces play a major role in the mobilization of
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The location of the fold belt is likely controlled by underlying basement
structures. A major fault zone, interpreted as a major extensional fault zone in the pre-late
Miocene stratigraphy, lies directly below the location of the main salt anticline (fault set
G). Schultz-Ela and Jackson (1996) suggest that basement faulting can influence where
salt structures form by influencing the thickness of the sedimentary overburden in the
hanging wall and footwall of the fault plane. This variation in thickness can create
differential loading on the salt layer causing the salt to rise. This mechanism appears
appropriate in the Outer Cilicia Basin, as there is a significant difference in the thickness
of the Pliocene-Quaternary succession between the southern and northern domains, which
can at least partially be attributed to underlying basement structure. Another possible
explanation for the location of the fold belt is that the salt layer thins dramatically;, or
actually pinches out, in the centre of the basin as indicated by figure 4.12 and Al-Figure
10, fix #’s 1085-1090. The centre of the basin would therefore be at the depositional
limit of the salt and therefore the most likely location for compressional structures to
form (Ings et al., 2004; Fort et. al., 2004).

5.2.2.3 Northward verging thrust fault systems

Northward verging, low angle thrust faults occur within the Messinian evaporite
layer in both the northern and southern domains of the Outer Cilicia Basin (fault sets C
and H). The limited time span of fault activity and direction of fault movement (opposite
to other compression related structures in the area) suggest that a localized and time-

limited stress is responsible for these structures. As discussed above, compressional
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structures commonly occur downdip of extensional structures in salt basins, due to the
basinward mobilization of salt. In order for the thrust faults of sets C and H to be a part
of this type of system, salt movement would have to have to occurred in the Outer Cilicia
Basin by late Miocene time. As there was only a small amount of sediment deposited in
the basin during the salt deposition, sediment progradation was most likely not a
significant external force during the Messinian. This leaves only gravitational forces as a
possible initiator of the salt movement. The morphology of the basin at the end of
Miocene time was most likely different from its present configuration. Considering that
the M-reflector is a basin-wide unconformity, it can be assumed that the sea-bed was
primarily flat at the beginning of Pliocene time. Thrusting in the Kyrenia range, however,
is thought to have resumed during the mid-late Miocene. If the Outer Cilicia Basin was
evolving on the back limb of this thrust system during the late Miocene, the basin would
be tilted towards the north, similar to its present day configuration.

There has been little research done on the ability of primary salt layers to
mobilize exclusively by gravitational force. Fort et al. (2004) suggest that at the Angolan
margin, salt mobilization initiated before significant sediment progradation occurred, but
they did not substantiate this theory with laboratory experiments. There has, however,
been some research done on the flow of salt glaciers, which may be transferrable to the
salt layer in the Outer Cilicia Basin. Salt glaciers are sheetlike, salt extrusions flowing
from an exposed diapir and spreading beneath air or water (Jackson and Talbot, 1991).

During Messinian time, the salt layer in the Outer Cilicia Basin was exposed at the
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surface much like present day salt glaciers and therefore may have mobilized in a similar
manner. Salt glaciers (the Hormuz salt from southern Iran, for example) have been
known to flow downdip without additional external forces, such as heat or loads (Talbot,
1979). The flow of a salt glacier is thought to be facilitated by the infusion of water into
the salt layer (Talbot and Rogers, 1980; Wenkert, 1979). Wenkert (1979) suggest that as
a salt layer begins to flow, the brittle upper layer will crack allowing water to seep into
the salt layer and become trapped. This interstitial liquid effectively softens the salt and
allows more rapid flow (Talbot and Rogers, 1980). In the Outer Cilicia Basin, the
Messinian salt layer is known to have been deposited during a series of dessications
followed by marine invasions. If the salt layer had been cut by faulting or even cracking
of the brittle upper layer, water may have penetrated the salt layer during a marine
invasion and induced more rapid flow. Water trapped within the thin sediment layers
deposited during marine invasions may have also facilitated gravity sliding by acting as
detachment surfaces within the evaporite unit.

The internal structure of flowing salt glaciers has also been studied and proves to
be analogous to structures seen in orogens, thrust sheets, and submarine slumps (Talbot,
1979, 1981). Talbot (1979, 1981) suggests that the internal structure of a salt glacier is
controlled by its flow pattern, which is directly influenced by the regularity of the surface
that the salt flows over. Underlying irregularities or discontinuities tend to associated
with the main areas of deformation within the salt layer. Al-Figure 1, fix # 1280-1288

shows a possible relationship between the underlying irregular surface and the overlying
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thrust faults in the southern Outer Cilicia Basin (fault set H). The thrust faults appear to
form directly north of a 15 ms drop across both the N and O-reflectors.

Considering the evidence presented above, fault set C and H appear to have
formed in response to a basin-ward mobilization of the salt, similar to that seen in salt
glaciers. As the basin tilted toward the north during the late Miocene, gravitational forces
caused the salt to flow basin-ward creating the downdip compressional structures in both
the northern and southern domains of the basin. There are a few issues that provide
challenges to this theory, however, including a lack of updip extensional structures to
complement the downdip contraction. The lack of obvious updip extensional structures
could result from an inability to map fault traces in the acoustically transparent salt layer.
In the central area of the basin, the compressional structures are obvious due to the
presence of intra-salt horizons which show the fault’s geometry. These intra-salt horizons
generally do not extend far enough on the southern margin to be affected by the updip
extensional structures, if they are present. It is also possible that the complementary
updip extensional structures are represented by early movement on the Pliocene-
Quaternary aged, deeply rooted transtensional/ extensional faults that dominate the
southern boundary of the basin (fault set J). Another issue that challenges this theory is
the evidence that the M-reflector is a basin-wide unconformity, and therefore was most
likely not significantly tilted at the end of Miocene time. The model proposed for the
formation of the compressional features requires that the sea-floor must be dipping to

allow gravitational forces to have a significant impact. It is important to note here that
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These sequences can be correlated across the north-east Mediterranean and are
represented in the Outer Cilicia Basin as Unit 3B. Beginning in the mid-late Miocene,
regional compression led to the development of a major south to south-east verging thrust
belt centered on the present day Misis-Kyrenia lineament (see figure 5.14). Thrust activity
initiated in the Misis segment of the thrust belt during the Seravallian-Tortonian and
progressed toward the south-west (Aksu et al., 2005, Kelling et al., 1987). The
architecture of the Tortonian aged sequences deposited in the Outer Cilicia Basin suggest
that thrust activity in the Kyrenia range had also initiated by Tortonian time. These
sequences, represented by Unit 3A, pinch out onto the southern margin and show
progressive thickening toward the north, indicating deposition in a piggy-back setting.
Thrust activity in the western offshore extension of the Kyrenia Range began sometime
later, as evidenced by the presence of slices of the Tortonian aged sequences (Unit 3A)
within the stratigraphy of the thrust sheets making up the southern segment of the
Anamur-Kormakiti complex. This supports the theory of Kelling et al. (1987) that
compressional fault activity progressed from the northeast to the southwest along the
Misis and Kyrenia lineament. By Messinian time, active thrusting and uplift began along
the southern segment of the Anamur-Kormakiti complex. The presence of Messinian-
aged strike slip faulting (set M), in the transition zone between the Anamur-Kormakiti
complex and Outer Cilicia Basin, indicates that both compression and strike slip activity

were occurring simultaneously in this area near the end of Miocene time.
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Figure 5.14 : Simplified paleotectonic map of the North-East Mediterranean during mid-Miocene time (edited from
Aksu et al., 2005). Map complied from Sengor and Yilmaz (1981), Hancock and Barka (1981), Dewey et al (1986).
Large arrows indicate the sense of plate motion relative to a fixed Eurasian Plate.



The dessication of the entire Eastern Mediterranean Sea caused a thick evaporite layer to
be deposited in the basins of the north-east Mediterranean during Messinian time. In the
Outer Cilicia Basin, the presence of intra-salt horizons indicate that the evaporite layer
was not deposited during a single dessication episode. The intra-salt horizons represent
shale, chalk or marl layers deposited in marine conditions during hiatuses in the evaporite
deposition. This suggests the evaporite layer was deposited during a number of cycles,
involving periods of dessication followed by periods of marine invasion. The periods of
marine invasion may have occurred in response to basin subsidence, during times of
diminished thrust activity in the Kyrenia range, or in response to eustatic or structural
controls. The end of Messinian time is defined by a Mediterranean wide unconformity,
represented by major basin-wide erosion in the Outer Cilicia Basin.

The lack of a Messinian evaporite layer along any section of the Misis-Kyrenia
lineament suggests that the structure was fully emerged during Messinian time. By the
end of the Messinian, thrust activity in the Misis mountains is thought to have ceased
based on evidence that the M-reflector, over the crest of the structure, is onlapped by
undisturbed Pliocene sediment (Aksu et al., 2005). Activity in the offshore Misis-
Kyrenia thrust belt and Kyrenia mountains, however, continued well into Pliocene-
Quaternary time. Thrusting in the Kyrenia range caused the southern margin of the Outer
Cilicia Basin to tilt towards the north, initiating the downslope flow of salt, sometime
before the end of Messinian time. This gravity-driven deformation created the intra-salt

thrust faults (set C and H),and displaced the original depositional limit of the salt layer

228



basinward. Activity on the thrust faults concluded by latest Messinian time, as evidenced
by erosion at the top of the thrust sheets across the M-reflector.

The late Miocene was a time of major structural reorganization in the north-east
Mediterranean. The collision of the Arabian and Eurasian plate in the mid-Miocene led
to the formation of the North and East Anatolian transform faults, facilitating the
westward escape of the Anatolian microplate (see figure 5.15) (Sengor et al.,
1979,1981,1985). It is difficult to say if the transtensional faults in the northern domain
of the Outer Cilicia Basin, which have been interpreted as splays of the East Anatolian
transform fault, initiated at this time or later in the basin’s evolution. A lack of seismic
resolution at depth also makes it difficult to tell if the extensional faults at each of the
basin margins initiated during the late Miocene or later in the evolution.

A major transgressive episode signaled the beginning of Pliocene time, as marine
conditions were reestablished in the north-east Mediterranean. Sea level rise was thought
to be fairly rapid, as the earliest Pliocene sequences in the Outer Cilicia Basin were
deposited in full marine conditions (Robertson et al.,, 1991). The rise in sea level
continued throughout the Pliocene, as evidenced by onlapping reflectors progressing
higher up the basin margins through the Pliocene succession. The Pliocene and
Quaternary sediment distribution in the Cilicia Basin suggests that it was infilled
asymmetrically from the sediment source in the north-north-east, with little contribution

from Cyprus. The sediment source is from the delta plains of the Seyhan,
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arrows indicate transform/strike slip faults.




Ceyhan and Taurus and Goksu rivers, which deposit into or just south-west of the Adana
basin (Aksu et al., 1992). Any sediment deposited into the basin from the Cyprus margin
was most likely derived from erosion of the Kyrenia mountain range. Due to distance
from the main sediment source, the Outer Cilicia Basin is relatively underfilled in
comparison with the inner part of the basin (Aksu et al., 1992).

Thrusting in the Kyrenia range continued throughout the Pliocene, as evidenced
by the geometry of Pliocene sequences over the top of the thrust zones in the offshore
extension of the mountain range. Ori and Friend (1984) suggest that the movement of a
thrust sheet is also recorded by stratigraphic wedging and unconformities in its associated
piggy back basin. Each of the four sequences making up the Pliocene-Quaternary
succession in the Outer Cilicia Basin shows wedging or thickening towards the north,
suggesting that activity on the Kyrenia thrusts must continue through the Pliocene and up
to the present time. The Pliocene also saw activity on the extensional faults at the
northern basin margin, resulting primarily from gravity sliding down the steep Turkish
shelf.

Subduction processes along the central segment of the Cyprus Arc were
interrupted in the early- mid Pliocene, by the collision between the Eratosthenes
seamount and Cyprus. This collision has been responsible for the uplift of Cyprus since
Pliocene time and, more indirectly, for north-south extension in the Outer Cilicia Basin.
With subduction locked to the south, the Anatolian-Aegean microplate rotates

counterclockwise to allow subduction along the free-face of the western Hellenic Arc.
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This rotation creates an environment of north-south directed extension in the Outer
Cilicia Basin and induces extensional activity on the transtensional faults in the northern
Outer Cilicia Basin and in the transition zone between the basin and the Anamur-
Kormakiti complex.

Progressive tilting of the southern basin margin on the back limb of the Kyrenia
thrust front, combined with the progradation of sediment into the southern basin,
facilitates the basin-ward flow of salt during Pliocene time. The flow of salt continues
through Pliocene-Quaternary time and leads to the formation of salt rollers and listric
growth faults in the southern Cilicia Basin as well as salt anticlines and short wavelength
folds in the central fold zone. These structures began their development during mid
Pliocene-Quaternary time and continue to grow up to the present time.

By early Quaternary time, the majority of fault activity in the northern domain of
the Outer Cilicia Basin had ceased. Only the most northerly fault trace of the extensional
fault system at the northern basin margin remained active into Quaternary time. Activity
on the offshore extensions of the Ecemis and Kozan fault zones also ended before the
deposition of the youngest Pliocene-Quaternary sequence. Sequence boundary A acts as
an important chrono-stratigraphic boundary marking the end of activity on these splays of
the East Anatolian fault. Sedimentation patterns in the northern domain of the Outer
Cilicia Basin also changed during Quaternary time. The early sequences of the Pliocene-
Quaternary succession are transgressive and represent deposition in a steadily deepening

basin. The Quaternary sequences, however, show evidence of progradation, slumping
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infilled channels and debris flows. These characteristics are indicative of deposition
during a sea level regression. The lack of extensional accommodation on the northern
basin margin during the Quaternary, combined with the evidence of sea level regression,
suggests that subsidence occurred at relatively slower rate during Quaternary time.

Both the southern margin and Anamur-Kormikiti zone remain structurally active
during Quaternary timé. In the Anamur-Kormakiti zone, both compressional and
transtensional faults are active, continually deforming the Quaternary sediment layers and
creating structure on the sea-bed. On the southern margin, the salt structures continue to

grow and evolve as the salt layer continuously mobilizes toward the center of the basin.
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Chapter 6: Conclusions and Recommendations

6.1 Conclusions

The purpose of this thesis, as stated in section 1.8, was to use reflection seismic
data to provide an interpretation of the structurally complex Outer Cilicia Basin. The
interpretation of this data provides insight into the evolution of the basin and of the entire
Eastern Mediterranean since Miocene time. Using the data outlined on Figure 4.1, the
major stratigraphic sequences and structural systems of the Outer Cilicia Basin were
defined and described. The basin is dominated by four main stratigraphic sequences,
each separated by erosional unconformities: /) Pliocene-Quaternary aged deep water
siliclastics, 2) Messinian aged evaporite, 3) mid- to late-Miocene aged marls and chalks,
4) Oligocene to mid-Miocene aged marls and turbidite deposits. Each of the three
youngest sequences was deposited in a piggy back basin setting on the back limb of the
Kyrenia thrust system. The oldest sequence was deposited in a foredeep setting in front
of the Tauride thrust front, prior to major thrust fault activity along the Kyrenia Range.

The present day structure of the Outer Cilicia Basin results from a long history
involving both contractional and extensional tectonics, largely affected by a ductile salt
layer. In Chapter S, the structural systems were divided into two groups based on
fundamental differences in the forces that control their development. The first group are
the structures that develop primarily due to far-field forces, generated by surrounding
plate interactions. This group includes: /) normal faults at basin margins (fault sets A

and J) , 2) transtensional faults in both the northern Outer Cilicia Basin and the transition
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zone to the Anamur-Kormakiti complex (fault sets D, K and L), and 3) south to south-
west verging compressional faults. These structures form independently of each other, in
response to the far-field forces, with minor influence from the basin’s morphology at the
time of their development. For example, the faults at the basin margins evolved due to a
combination of strike-slip accommodation, induced by the westward escape of the
Anatolian microplate, and surficial sediment sliding down steep basin margins. The
second set of structures are those that develop primarily due to salt tectonics. This group
includes: /) late- Miocene- aged northward-verging thrust fault systems (fault sets C and
H), 2) salt cored anticlines and folds in the central fold zone , and 3) thin-skinned, listric
normal faults in the southern Outer Cilicia Basin (fault set I). These structures form as
parts of an inter-related system controlled by the basin-ward movement of salt, primarily
driven by gravitational forces and, in some cases, progradational loading.

Studying the relationship between the deposition of the sedimentary sequences
and the formation of the structural systems allows a fairly concise basin-wide description
of the Neogene evolution of the Outer Cilicia Basin, as described in Section 5.3. The
Neogene evolution involved two main phases of deformation: a compressional phase
during Miocene time and a transtensional phase during Pliocene-Quaternary time. In
Miocene time, the main forces affecting the basin were north-south directed compression
resulting from north-south convergence along the Cyprean Arc. The change from
compressional to transtensional forces coincides with the initiation of westward escape

and rotation of the Aegean-Anatolian microplate near the end of Miocene time (Sengor et
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al., 1979,1981,1985). Since that time, the Outer Cilicia Basin has been dominated by
transtensional structures, which provide accommodation for the strain induced by the
escape and rotation of the microplate. South of the Outer Cilicia Basin, compressional
structures continue to dominate the Pliocene-Quaternary succession, onshore Cyprus
(Robertson, 1998 a). The transtensional fault zone at the southern basin margin,
therefore, acts as a boundary between a primarily contractional domain to the south and a

transtensional domain to the north.

6.2 Recommendations

The seismic reflection data available from the Outer Cilicia Basin allows a fairly
detailed interpretation of the late Miocene- to Quaternary- aged sequences and correlation
of most major structures in the basin. A detailed interpretation of the earlier sequences,
however, is prevented by a relatively short seismic record length and lack of seismic
resolution at depth. If this area was revisited, some changes could be made to seismic
acquisition parameters to increase the resolution below the Messinian salt layer. Larger
air guns would increase the signal strength and allow deeper penetration. A larger
source-receiver offset or additional receiver channels would also enhance the systems
ability to image deep structures. Larger offsets would also increase a seismic processor’s

ability to remove multiple energy, which cloud over primary reflectors in some key areas.
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The seismic coverage of the Outer Cilicia Basin limits the ability to map in the
structurally complex areas of the basin, such as the Anamur-Kormikiti zone. Even with
increased data volume in this area, the structures are still quite difficult to correlate. A
detailed multi-beam bathymetry survey could act as a cheaper alternative to multi-channel
seismic in this area, as most of the structures are presently active and have prominent sea-
floor expression. The combined interpretation of multi-beam bathymetry and multi-
channel seismic data, should give an improved 3-dimensional view of this zone and

allow inferences into the evolution of the western part of the Outer Cilicia Basin.
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