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Abstract

Detailed interpretation of high-resolution and industry multichannel seismic
reflection profiles and lithostratigraphy from onshore wells reveals that the Miocene
to Recent tectonic evolution of the western Antalya Basin occurred in three distinct
intervals: the pre-Messinian Miocene, the Messinian, and the Pliocene-Quaternary.
During the pre-Messinian Miocene, a prominent east-west striking fold-thrust belt
developed across the region. Today, this belt is characterized by NW-SE striking,
SW-verging thrust panels in the east and broadly N-S striking, W-verging thrust
panels in the west. The belt became buckled during the late Miocene assuming its
current configuration as an inverted V-shaped structure within the marine western
Antalya Basin. The Miocene fold-thrust belt mapped in the marine areas is readily
correlated with the onland Isparta Angle. The Messinian interval was tectonically
quiet and marked by the deposition of a thick evaporite succession within the deep
Antalya Basin. The Pliocene-Quaternary interval marked a major change in tectonic
style, where strain is partitioned into discrete regional morpho-tectonic domains. In
the east, the Miocene fold-thrust belt remained largely inactive; however, several
prominent thrusts became re-activated during this time. Mapping showed that these
three thrusts can be traced toward the southeast in the deep Antalya Basin and readily
correlated with the Ovgos, Kythrea and Orga thrusts mapped onland Cyprus. The

shallower slope and shelf in this area are characterized by broadly actuate and NW-

ii



SE striking and SE- and NW-dipping extensional faults with strike slip components.
In the west portion of the Antalya Basin, the structural framework was dominated
by a series of broadly N-S striking, invariably steeply E-dipping extensional faults
which form a 20-30 km wide zone of deformation. This zone occurs over the very
steep continental slope in western Antalya Basin, and extends westward into the
Kemer Peninsula and the Beydaglari region. Correlations with the similarly striking
Pliocene-Quaternary transtensional faults mapped onland suggest that these faults

must also have notable strike slip components.
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Chapter 1

Introduction

Orogenesis, from the Greek oros for mountain and genesis for creation, is a
fundamental Earth process responsible for creating much of the relief we see on the
planet today. Majestic young mountains, such as the Alps and the Rockies, as well
as ancient mountains, such as the Appalachians, are products of orogenesis: forming
when two plates collide and the continental lithosphere of one plate is thrust over
continental lithosphere of the other plate (Moores and Twiss, 1995). Similarly, deep
arcuate oceanic trenches observed today adjacent to island arcs and continents are
by-products of orogenesis: one oceanic lithospheric plate is forced to plunge beneath
the continental or oceanic lithosphere of another plate, depressing the overriding plate
edge. This study focusses on the geologically recent evolution of an embyonic orogen:
the collision between the African and the Eurasian plates and the squeezing and
shuffling of the smaller microplates and fragments. Specifically, this study focuses
on the Miocene to Recent tectonic and sedimentary evolution of the the western
Antalya basin. In the larger plate tectonic context, this is a forearc basin, north

of the boundary between the African plate and the Aegean-Anatolian microplate



where subduction has ceased and continental collision is incipient (Sengor et al., 1985;
Dewey et al., 1986). As such, the study area is an excellent modern laboratory
for understanding the processes that govern deformation during the early stages of
continent-continent collision as this is largely hidden in ancient orogenic belts. During
the last 20-25 million years, the forearc experienced profound tectonic changes when
former marine basins were uplifted to become nestled in the foothills of the evolving
Tauride Mountains, while deep Antalya Basin experienced complementary subsidence

and marine sedimentation.

1.1 Present-day tectonic framework of the
eastern Mediterranean

The present-day tectonic framework of the eastern Mediterranean is controlled by
the continuing collision between the African and Eurasian Plates and the subsequent
displacements of the smaller Arabian and Aegean-Anatolian microplates (Sengor et
al., 1985; Dewey et al., 1986; Fig. 1.1). The Aegean-Anatolian microplate is escaping
westward, accommodated along a number of major crustal-scale transform faults,
including the North and East Anatolian Transform Faults. the Ecemis and Kozan
Faults, the Tuzgolii Faults, and the prominent Misis-Kyrenia-Aksu Fault Zone (Igler
et al., 2005; Aksu et al., 2005).

In the eastern Mediterranean Sea the convergence zone between the African
Plate and the Aegean-Anatolian Microplate is bounded in the west by the Hellenic
Arc and the Pliny-Strabo trenches and in the east by the Florence Rise, Cyprus Arc
and Tartus Ridge (Sengor and Yilmaz, 1985; Robertson, 1998; Vidal et al., 2000;
Hall et al., 2005a,b). The Hellenic Arc includes a series of internally parallel crustal-

scale structures such as the Hellenic Trench, a prominent forethrust and an equally
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important backthrust (Fig. 1.1). Intense earthquake activity, the spatial and depth
distribution of the earthquake foci, seismic tomography and the pronounced volcanic
arc which developed north of the subduction zone (i.e. the Cyclades) collectively show
that the Hellenic Arc is an active subduction zone (Fig. 1.2). While subduction is
continuing along the Hellenic Arc, it is generally accepted that subduction has ceased
along the Cyprus Arc (e.g. Woodside et al., 2002; Govers and Wortel, 2005). This has
resulted in slab roll-back and the subsequent formation of a Subduction-Transform-
Edge-Propagator fault zone (or STEP) along the present-day Pliny-Strabo trenches,
laterally decoupling the actively subducting and non-subducting lithosphere (Fig. 1.1,
Govers and Wortel, 2005).

The deformational zone associated with the convergence of the African Plate
and Aegean-Anatolian Microplate extends approximately 300 km northward from the
Florence Rise-Cyprus Arc-Tartus Ridge (e.g. Isler et al., 2005; Hall et al., 2005 a,b;
Aksu et al., 2005 a,b; Calon et al., 2005 a,b) and contains three prominent south-
convex arcuate deformation fronts, from south to north: (i) the Amanos-Lamaka
zone, (ii) the Misis-Kyrenia zone, and (iii) the central Taurus Mountains (Fig. 1.1).
Hence, the Antalya Basin emerges as an arcuate forearc basin that appears to link
with the onland Isparta Angle in the north. Recent work in onland southwest Turkey
further demonstrated the morpho-tectonic linkage between this region and the Isparta

Angle and the westernmost Antalya Basin (van Hinsbergen et al., 2007).

1.2 Bathymetry of the eastern Mediterranean Sea

The bathymetry and topography of the eastern Mediterranean region (Fig.
1.3) are controlled by large-scale tectonic features: offshore, these include the Anaxi-

mander Mountains, the Florence Rise, the Misis-Kyrenia-Aksu zone, and the Cyprus
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Arc; and onshore, these include the Isparta Angle, the Taurus Mountains, Kyrenia
Range. The development of these structures is associated with the ongoing collision
between the larger African and Eurasian plates and the squeezing and shuffling of the
smaller Aegean-Anatolian and Arabian microplates, as well as continental fragments,
such as the Hecataeus Ridge, Eratosthenes Seamounts and possibly the Anaximander
Mountains (Fig. 1.4). The Antalya Basin is an L-shaped basin in the eastern Mediter-
ranean with a very narrow continental shelf (2 to 6 km) and has a shelf-slope break at
approximately 100-150 m depth. Steep continental slopes lead to the continental rise
and abyssal plain. No multibeam data has been collected in the Antalya Basin, but
the available bathymetric maps with 200 m isobaths show that the slope face is dis-
sected by numerous submarine canyons, presumably feeding submarine fans, similar
to those seen in continental slopes around the western Mediterranean (e.g., Droz et
al., 2001; Lastras et al., 2002). The continental rise occurs between 1800 and 2000 m
water depth, where the slope gradient decreases considerably (Fig. 1.3); the abyssal
plain occurs at approximately 2400 m water depth. In the deepest part of Antalya
Basin, at approximately 2600 m water depth, a quasi-circular depression is observed

near the center of the basin.

1.3 Marine Miocene basins in the eastern
Mediterranean and the Isparta Angle

The evolution of the Miocene basins in the eastern Mediterranean is controlled
by the development of a large, broadly E-W-trending foredeep in front of the Tauride
fold-thrust belt (Williams et al., 1995). The Tauride culmination was characterised by
an arcuate thrust front that delineated a broad syntaxis, comprising several smaller

thrust culminations which developed in the foredeep itself. The major thrust that
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defines the base of the present-day continental slope in the study area is likely the
leading thrust, whereas the trailing thrust panels are located well onshore within the
eastern limb of the Isparta Angle. There are remarkably similar marine Aquitanian-
Tortonian successions in the now-onland Mut and Adana basins (Safak et al., 2005;
Eris et al., 2005), Aksu, Kopriigay and Manavgat basins (Poisson et al., 2003a,b,
Karabiyikoglu et al., 2005, Deynoux et al., 2005) and the Mesaoria Basin of central
Cyprus (Robertson and Woodcock, 1986)(Locations shown in Fig. 1.4). Depositional
similarities continue into the fold-thrust panels of the Misis Mountains (Gokgen et
al., 1988) and the Kyrenia Range (Calon et al., 2005a,b), the Aksu Thrust (Poisson
et al., 2003a,b), as well as the marine Cilicia, Iskenderun, Antalya and Finike basins
(Uffenorde et al., 1990, Aksu et al., 2005a,b, 2009, Isler et al., 2005) (Locations shown
in Fig. 1.4). These strong regional depositional similarities suggest the seemingly
isolated basins in the eastern Mediterranean were once a single large basin in the
Early Miocene. This large ancestral foredeep basin likely extended toward the east
into the Karsanti and Maras Basins (Hall et al., 2005a, Calon et al. 2005a; Satur et
al., 2005, Ilgar and Nemec, 2005) and toward the west into the Antalya and Kasaba
Basins (Isler et al., 2005, Ciner et al., 2008). The development of northern and
southern crustal-scale thrust culminations, together with onset of escape tectonics
associated with the final collision of the Arabian and Aegean-Anatolian microplates
in the latest Miocene and Pliocene-Quaternary (Sengor et al., 1985) basicaly split the
foredeep into several large piggy-back basins: the Iskenderun-Latakia-Mesaoria basin
complex, the Mut-Adana-Cilicia basin complex, and the Cyprus, Antalya, Finike and
Rhodes basins (e.g., Hall et al., 2005a, 2009; Calon et al., 2005a; Aksu et al., 2009).
The Isparta Angle is a north-convex region located in onland western Turkey
with limbs defined by two branches of the Alpine orogenic belt: a southwest-northeast

trending western limb and a southeast-northwest trending eastern limb. The Bey-
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Figure 1.5: Simplified Geological map of the Western Taurus Mountains (simplified and re-

drawn from Blumenthal, 1963b). AKMB= Aksu, Képriigay, Manavgat basins,
ANT= Antalya complex, BEY= Beysehir nappes, BOL= Bolkar nappes, BOZ=
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tions only.
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daglar Platform, consisting of predominantly Jurassic to Miocene carbonates (Pois-
son, 1977), and the Anamas-Akseki Platform, consisting of Cambrian to Eocene car-
bonates (Dumont, 1976; Ozgiil, 1984; Monod, 1977), form the two main basement
units of the Isparta Angle in the west and east, respectively (Waldron, 1984; Robert-
son and Woodcock, 1986; Dilek and Rowland, 1993).

The Isparta Angle was developed as the result of the Tertiary closure of the
Pamphylian Basin which originally separated the Beydaglai and the western Taurus
platforms during the Mesozoic (Waldron, 1984; Poisson et al., 2003). It is bounded
by the Lycian Nappes in the west and the Beysehir, Hoyran and Hadim Nappes in
the east (Monod, 1997). The Burder-Fetiye Fault zone, which transects the Lycian
Nappes, is characterized by sinistral strike-slip faults with a considerable normal dip-
slip component (Saroglu et al., 1987; Price and Scott, 1994; Barka et al., 1997).
During the Late Miocene, the Isparta Angle underwent a compressional phase known
as the Aksu Phase, with its western limb rotating 30° counterclockwise during the
Miocene (Kissel and Poisson, 1987; Morris and Robertson, 1993) and its eastern limb
rotating 40° clockwise since the Eocene (Kissel et al., 1990). Seismic reflection profiles
and borehole data further document that the Tortonian (and older) successions are
involved in the fold-thrust panels (see Chapters 4-6), suggesting that the Isparta Angle
continued to evolve at least into the latest Miocene. This has significant impact on

the study area and is further discussed in detail in Chapter 6.

1.4 Thesis objectives

The main focus of this thesis is the interpretation of high-resolution multichan-
nel seismic reflection profiles from the western Antalya Basin acquired during three

Memorial University of Newfoundland research cruises in 1992, 2001, and 2008 from
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the Antalya Basin region of the eastern Mediterranean, and complemented by indus-
try seismic reflection profiles. A secondary, but important, focus of this thesis is the
processing of the multichannel seismic reflection profiles collected from the western
Antalya Basin in 2008: these profiles provide denser grid spacing in the study area
to assist in the interpretation of the complex western boundary of the Antalya Basin.

The primary scientific objectives of this dissertation are:

e to establish a seismic stratigraphic framework for the Miocene to Recent succes-
sions observed in the seismic reflection profiles and establish a chronostratigra-
phy for these successions using correlations with the litho- and bio-stratigraphic

data from an exploration well from the onland Manavgat Basin;

e to delineate and map the structural elements affecting the seismic stratigraphic
units and to determine the age of deformation using the the growth-stratal
architecture and progressive syn-tectonic unconformities observed in the seismic

reflection profiiles;

e to relate the large-scale tectonic elements mapped within the marine Antalya
basin with their counterparts in the Isparta Angle, and Beydaglar1 and Antalya
Complex regions of southwestern Turkey, as well as the Kyrenia Mountains of

northern Cyprus and the Anaximander Mountains;

e to develop a tectonic and kinematic model for the Miocene to Recent structures
of the western Antalya Basin that explains the evolution of the region within

the context of the greater eastern Mediterranean.
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Chapter 2

Methods: Acquisition, Processing
and Interpretation of 2D Marine

Seismic Data

In the seismic reflection method, elastic waves penetrate the earth and relay
important stratigraphic and structural information back to the surface (Yilmaz, 2001).
The resulting data is processed to fine-tune an image of the true subsurface geology
and facilitate its stratigraphic and structural interpretation. This chapter contains a
full discussion on data acquisition, commenting on both the general theory and also the
specific survey parameters for the data processed for this thesis. The general concepts
involved with data processing and interpretation are discussed in this chapter, but

application of these concepts to thesis data is reserved for future chapters.

13



2.1 Acquisition of 2D marine seismic data

2.1.1 Basic theory of reflection seismology

Elastic waves can be subdivided into body waves and surface waves. Surface waves,
such as Rayleigh waves, Stonely waves, Love waves and Tube waves, have applications
in exploration seismology, but are beyond the scope of this thesis. Body waves include
P-waves and S-waves: P-waves are longitudinal, propagating through both fluids and
solids; S-waves are transverse, traveling only through solids. Discussion for this thesis
will pertain mostly to P-waves, with mention of S-waves where necessary.

In three dimensions, an elastic wave travels as a spreading spherical front though
an isotropic, homogeneous medium. In layered media, when the wave encounters a
boundary separating two layers with differing elastic properties, part of the wave will
be transmitted into the second layer and part of the wave will be reflected at the
interface. The amplitude and polarity of the reflected energy is directly related to the
elastic impedance contrast across the interface (Yilmaz, 2001).
Elastic impedance, Z, is an intrinsic property of a material which essentially
measures its resistance to penetration by elastic waves. It is defined as the product

of a material’s elastic velocity,v, and its density, p:

Z = pu. (2.1)

Moving from three dimensions to two dimensions (still in a homogenous,
isotropic medium), the spreading front of an elastic P-wave becomes circular and
can be approximated as raypaths. Consider the simple 2-layer interface shown in
Figure 2.1. The Law of Reflection states that the incident ray is reflected at the same

angle as it was incident on the interface, or:
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Simple 2-layer interface Resulting seismogram

(non-normal incidence) (zero-phase)
: amplitude
Incident : Reflected

Ray Ray

Z, Vs

227 V2

Transmitted
Ray

depth

Figure 2.1: Reflection and transmission at a simple two-layer interface (Note: Z; < Zo,
v1 < v2). (a) The incident ray makes contact with the boundary t an angle
0;. The reflected ray is reflected at 6, = 6; back into layer 1 and the trans-
mitted ray is refracted at angle 6, into layer 2. (b) The resulting seismogram

showing response with maximum amplitude at the boundary (zero-phase, simple
wavelet).

0, = 0, (2.2)

where 6; is the angle of of the incident ray and 6, is the angle of the reflected ray. The

remaining wave energy is transmitted, or refracted, into the second layer according to

Snell’s Law:

sin 6; sin 6,
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Z,
Z,

Figure 2.2: Reflection and transmission in multi-layered media, Z1<72<Z3<7Z4<Z5. Note:
for simplicity, wave-conversion at the boundaries is not taken into account.

where 6, is the angle of the transmitted ray, v; is the velocity of the first layer and vy
is the velocity of the second layer. As layering increases (e.g. Fig. 2.2), reflection and
refraction continue at each interface allowing imaging of all layers.

The strength of a reflection can be measured by the reflection coefficient, R, and
is dependent on both the angle of incidence and the impedance of the two layers. At

normal incidence,

22 — Zi]
R="—— 2.4
Zy+ 2y (2.4)
which implies
R« |Zg - Zl‘ (25)

Therefore, high elastic impedance contrasts generate stronger reflections.
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In practice, impedance contrasts strong enough to generate reflections imaging
seismic profiles usually arise from geologically significant interfaces such as: (1) sed-
imentary reflectors (e.g. bedding planes); (2) non-sedimentary reflectors (e.g. fault
planes, pore fluid contacts, mineral phase changes, etc.); and (3) unconformities;
however, seismic records may also show events which are artifacts such as multiples,
diffractions, or returns from out-of-plane geology. Special care must be taken to ensure

these artifacts are not interpreted as geology.

2.1.1.1 Reflection seismology in the field

Implementation of the seismic reflection method in the field requires instrumen-
tation including: source(s) (dynamite, vibroseis, air guns, etc.) to generate the elastic
waves; receiver(s) (e.g. geophones, hydrophones, obs) to intercept the incoming re-
flections; and recorder(s) (e.g. seismographs) to record the information in a useable

format. Typical setups for 2D marine seismic surveys are discussed below.

2.1.2 2D marine seismic surveys

In a conventional 2D marine seismic reflection survey, one ship tows the source
and receivers behind it at constant speed (e.g. Fig. 2.3). Maintaining relatively
constant speed is important for maintaining survey parameters.

The typical source used today on marine seismic vessels is the air gun. An air gun
works by controlling the movement of high-pressure air through its chambers to send
a large burst of pressured air into the water. Source signatures for single air guns are
oscillatory (e.g. Fig. 2.4a) and can generate significant late bubble pulses (discussed
later). To minimize this effect, air guns of varying sizes are often mounted in arrays
with each gun contributing to the overall source signature (e.g. Fig. 2.4b). Pressure

in the air gun is maintained by on-board compressors and shots are fired at fixed
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Figure 2.3: General marine 2D survey setup.

intervals. The distance between successive shots is called the shot interval. Seismic
vessels require reliable navigation, such as GPS, to accurately map the location of
each shot fired.

Receivers consist of hydrophone groups which are uniformly spaced at the group
interval and embedded onto long streamers. Since S-waves do not travel through
fluids, conventional hydrophones will only receive P-waves. Digitizers, located near
the hydrophones, convert the analog signal to digital form at a set sampling interval,
the sample rate, and relay the digital signal back to ship via fiber optic cables. Depth
controllers can be used to maintain the streamer at a constant depth to minimize

noise from near-surface turbulence.
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Figure 2.4: Cartoon illustrating source signatures associated with air guns. (a) A single air
gun generates an oscillatory pulse. (b) An air gun array suppresses much of the
oscillatory signature and better approximates a minimum phase wavelet.

Seismographs are located on-board and record the incoming digital signals on a
separate channel for each hydrophone group. The data are monitored for quality and

possible problems with the streamer and/or guns.

2.1.2.1 CDPs, CMPs, and seismic data fold

The sampling frequency of any one point on the seabed is directly related to
survey geometry. The term fold is used to describe the maximum number of times

one location is imaged by any of the hydrophone groups and is defined as:

group interval

fold = = x (number of channels) x (2.6)

shot interval -

N | —
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CcDP

Figure 2.5: Illustration of CMP and CDP non-equivalency.

A higher fold results in higher sampling of subsurface points and improves the quality
of the final image.

The point on the subsurface that has been sampled several times by different
source-receiver pairs is called a common midpoint (or CMP). Spacing of the CMPs,

assuming horizontal reflectors, is calculated by:

(group interval). (2.7)

N | —

CMP spacing =

Note that when the subsurface reflectors are not horizontal, CMPs are not equiva-
lent to common depth points (or CDPs; Fig. 2.5). The assumption of CMP and
CDP equivalency in the CMP sorting process creates artifacts on the seismic record
and requires an extra processing step to restore true subsurface locations of dipping

reflectors (i.e. migration, discussed later).

2.1.2.2 Some issues associated with 2D marine surveys

e Bubble pulses: After the shot is fired, the gas bubble emitted by the source
begins to rise to the surface. Pressure differences during ascent cause quasi-

periodic collapse and expansion of the bubble. These oscillatory pulses, or

20



bubble pulses, can act as secondary sources generating superimposed profiles on
the seismic section and obstruct primary reflections. If not properly identified,
these bubble pulses can result in misinterpretation of subsurface geology. Oc-
currence of bubble pulses can be minimized by using air gun arrays in lieu of
singular sources and/or placing the source close to the surface so that the air

bubble escapes into the atmosphere before it begins to oscillate (Sheriff, 1995).

Near-sea-surface turbulence: At the sea-surface and for a few meters below it,
much turbulence is generated by both natural (e.g. waves) and mechanical (e.g.
ships) disturbances. When recording marine seismic data, it is important to
ensure the streamer is located below this zone of turbulence so that this noise

is minimized.

Out-of-plane reflectors: In areas of complicated geology, sometimes energy from
nearby structures (which are not in the plane of the survey line) is recorded
on the seismogram. This energy can be prominent and continuous enough to
mimic an in-plane reflector and distort the real subsurface cross-section (exam-

ples shown in later chapters).

Multiples: A multiple is an event on the seismic record that has been reflected
more than once (Sheriff,1995). To be recognized as a distinct event on a profile,
the multiple usually originates from a strong reflector with a large impedance
contrast (Sheriff, 1995). Because the waves involved are reflected more than once
and lose energy at each interface, multiples usually have lower amplitudes than
primary reflections; exceptions to this are ghost reflections and water column
reverberations. There are two types of multiples which we distinguish based
on their travel paths in relation to the travel paths of the primary reflectors:

short-period multiples and long-period multiples (e.g. Fig. 2.6).
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Figure 2.6: Cartoon illustrating various short- and long-period multiples generated during
a 2D marine survey. Note that arrival time of multiples can be affected by
water depth. For example, in deep water (as shown in this figure), the seabed
multiples arrive much later than the primary arrivals making them relatively
easy to distinguish. However, in shallower water, seabed multiples arrive soon
after the primaries and can obscure interpretations.

source source wavelet source wavelet
wavelet + short-period + long-period
multiple multiple

Ry

Figure 2.7: Effect of short- and long- period multiples on the seismic record. Short-period
multiples essentially lengthen the wavelet while long-period multiples arrive as
distinct events.
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2.1.

Short-period multiples

Short-period multiples have travel paths which are similar to the travel
paths of primary reflections and thus arrive shortly after the primary energy.
This type of multiple effectively lengthens the wavelet (e.g. Fig. 2.7) and causes
ringing on the seismic record. Ghosts, so-called peg-leg multiples and water
column reverberation (except for seabed multiple) are examples of short-period
multiples (e.g. Fig. 2.6). If not properly identified, short-period multiples

can be mistaken for primary energy, causing misinterpretation of the subsurface
geology.

Long-period multiples

In contrast with short-period multiples, long-period multiples have travel
paths which are sufficiently longer than those of the primary reflectors and
arrive later on the seismic record as distinct events (e.g. Fig. 2.7). Double-
path multiples (including the seabed multiple) are good examples of long-period
multiples (e.g. Fig. 2.6). Long-period multiples can obstruct the image of
primary reflectors (especially in shallow water) and should be removed where

possible.

3 Survey parameters and geometry of the 2008 eastern

Mediterranean cruise

The data processed for this thesis was acquired by the collaboration of Memorial

University of Newfoundland (MUN), Canada, and Dokuz Eylil University (DEU),

Turkey, during a 30-day cruise in the summer of 2008 on the DEU’s RV Koca Piri

Reis.
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The seismic source for the 2008 cruise was a broad-band, high-frequency sleeve-
gun array (MUN). The array consisted of seven sleeve-guns of differing volumes to
yield a combined volume of 200-in3: two 10-in® guns; one 20-in® gun; two 40-in® guns;
and one 80-in® gun emulated by two 40-in®. The combination of a 96-channel, 600 m
Hydroscience Technologies Inc. streamer and 96-channel seismograph (DEU) recorded
incoming reflections to 7000 ms two-way travel time (TWT) at a sample rate of 2 ms.
Hydrophone arrays were arranged in group intervals of 6.25 m with shots fired every
10 s (an approximate distance of 25 m assuming a ship speed of ~ 5 knots). From
Eq. 2.6, we calculate the fold of this data to be 12; therefore each subsurface point
has been sampled a maximum of 12 times. Source-to-first-receiver offset was 77 m.
Digicourse streamer depth controllers were used to maintain constant streamer depth

of approximately 3 m.

2.2 Processing 2D marine seismic data

Data processing is inherently iterative, with the success of future processes
depending on the success of earlier processes. It is the goal of data processing to
maximize signal-to-noise (S/N) ratio so that a readily interpretable image of the
subsurface geology may be obtained. Noise, in the context of this thesis, is any energy
other than the signal arising from primary reflectors in the subsurface. Noise can be
random or coherent and each type distorts the image in a different way. Random
noise, such as noise arising from recording equipment, stormy weather or scattering,
distorts the overall image in an apparently random way; the effect of random noise on
one trace cannot be predicted by observing the random noise on an adjacent trace.
Coherent noise, on the other hand, like noise arising from sea-bed multiples or direct

waves, can appear as reflections on seismic profiles.

24



Data input

¥

Analysis of raw shot record <

Spherical divergence corrections

Statics corrections

N

Spectral analysis

Near-trace gather

Geometry and CMP sorting

v

Velocity analysis and NMO corrections

v

v

Migration

4

Pre- or Post-

Stack | P> Stack

Deconvolution

FINAL
DISPLAY
PARAMETERS

Bandpass filter
} AGC

Top mute

v

Data output

Figure 2.8: Typical processing flow for 2D seismic data.
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A typical processing flow is shown in Fig. 2.8. Optimal processing parameters
producing the best image are obtained through trial and error. Discussion within this
chapter focuses on data processing in the most general sense. A detailed account of

the author’s specific processing flow can be found in Chapter 3.

2.2.1 Raw shot record analysis

A shot record contains the data recorded on all available channels following a single
shot (e.g. Fig. 2.9). A typical shot record will contain both signal (i.e. hyperbolic
primary reflections) and noise (e.g. linear direct wave, noisy traces, refractions, low-
frequency noise from equipment, multiples, etc.).

2.2.1.1 Static corrections

The direct wave should arrive at the first receiver at ¢; where:

t = =% (2.8)

and z; is the offset of the first receiver and v,, is the water velocity (~ 1500 m/s). The
actual arrival time, ¢, can be checked on the raw shot gather (Fig. 2.9). If t; # t/,
there is a static delay in the data inherent to the experimental setup. Each trace must

be corrected for this by a static correction, SC, equal to:

SC =t — t. (2.9)

The static correction can also be determined by the onset of the first-pulse seen on a

near-offset noisy trace from cross-feed (e.g. ¢, in Fig. 2.9(a)).
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Figure 2.9: (a) Hlustration of a marine shot record (bandpass filter applied, no AGC) show-
ing several features including the direct wave, primary reflections, seabed mul-
tiple and a noisy channel; t,c is the time associated with the onset of the first
pulse of a near-offset noisy channel and ¢’ is the actual arrival time of the direct
wave. Note how the amplitude of reflections diminishes significantly with depth
except the amplitude of the seabed multiple which is still very strong. Also note
how the seabed multiple has the opposite polarity of the seabed reflector (first
primary reflection). On the noisy channel, a large pulse can be seen shortly af-
ter the assumed zero-time. This indicates the time of shot (real zero-time) and
therefore the static correction that must be made to the data. (b) Same shot
record, but with AGC applied. Note how the stronger, shallower reflections are
slightly scaled down and the weaker, deeper reflections are scaled up.
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2.2.1.2 Spectral analysis and frequency filtering

Spectral analysis of a shot record displays the amplitude spectrum for the data
set and provides initial information about the signal-to-noise (S/N) ratio. Single-
frequency, high amplitude noise may be visible, signaling the need for notch-frequency
filtering in the processing flow (discussed further in Chapter 3).

Frequencies of primary reflectors can be estimated from the raw shot gather:

F. = (2.10)

L
T,
where F, is the dominant frequency of the reflection and 7, is the period of the
waveform. This information can be used to construct a filter which will retain only
this desired frequency range and attenuate the noise contained outside this range. A
filter that retains certain frequencies while rejecting others is called a bandpass filter.
One common bandpass filter is the Ormsby filter which uses four input frequencies,
fi - fo - f3 - f1 to form a 4-sided polygon in F-K space:f; = low-cut frequency,
fo = low-pass frequency, f3 = high-pass frequency and f; = high-cut frequency. The
range fy - f3 is the bandpass and f; and f; determine how abruptly to cut off the
filter. The sharp discontinuities at either shoulder of the filter can result in ringing
in the filtered image. Special cosine filters can be applied to the upper corners of the
polygon creating smoother ramps to reduce the ringing effect in the filtered image.
When applying a frequency filter, it is important to note that:

(1) successive filtering lengthens the wavelet and causes ringing and is best to avoid
applying more than one filter if possible;

(2) the phase of the filter must be chosen to match the phase of the input signal.

Mismatch causes severe distortion on the final image.
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Aliasing

The digital sample rate of a survey directly affects the highest frequency that can be
correctly recorded. It is necessary to sample a frequency at least twice in one period
to properly digitize the waveform (Fig. 2.10). The maximum frequency which can be

properly sampled in a particular survey is known as the Nyquist frequency, Fiy:

(2.11)

where At is survey sample interval.

Temporal aliasing, or mis-correlation of traces, occurs for any frequency higher
than Fly and causes band folding in the frequency domain. It is important to ensure
the high cut of the bandpass filter is below Fly to minimize temporal aliasing issues

in the final image.

T >
v{u/}dt
Figure 2.10: Here, A is the amplitude of the wave, t is elapsed time, and T is the period

of the wave. T is the time is takes for a wave to complete one full cycle (e.g.
peak to peak). In this figure, the sample interval, At, is too large to properly

sample the high frequency waveform (black curve) and results in aliasing (red
curve).
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2.2.1.3 Near-trace gather

A near-trace gather displays all the data collected by a single channel for
every shot fired during a particular seismic survey. Although the resolution is poor
and subsurface reflectors are mispositioned (because they are at non-zero offset), it

provides a first-look at the subsurface geology.

2.2.2 Amplitude control: Spherical divergence and AGC

The amplitude of a wave, A, is directly proportional to the square-root of the

waves’s energy density, u; so that:

A a V. (2.12)

A spherical wave-front propagating in a homogeneous earth loses energy density, and
hence, amplitude, by two major processes: (1) spherical divergence: energy density
decreases proportional to r% where r, the radius of the wavefront, increases with depth

and thus, from Eq. 2.12,

1
Aa—; 2.13
= (213)

and (2) intrinsic attenuation in the rocks: causes higher frequencies (i.e. higher
energies) to be more rapidly absorbed than lower frequencies (i.e. lower energies)
(Yilmaz, 2001).

The combination of these processes along with other processes resulting from
the non-homogeneity of the earth (e.g. scattering) creates seismic images with strong,

high amplitude reflectors at shallow depth and increasingly weaker, lower amplitude
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reflectors deeper in the seismic reflection profiles.

Spherical divergence correction
The spherical divergence correction is a simple algorithm that attempts to correct
for energy spreading with depth. This function should be applied to the data early

in the processing sequence.

Automatic gain control (AGC)

AGC is a function that attempts to correct for amplitude attenuation with
depth by using a sliding window to scale-down higher amplitudes and scale-up lower
amplitudes (e.g. Fig. 2.9). The choice of window is extremely important for the AGC
function: a window that is too small will make strong reflections indistinguishable
from weak reflections and all amplitude information is lost; a window that is too large
will not scale amplitudes enough and amplitude of deeper reflections may still be
too low. AGC does not discriminate between signal and noise and will amplify both
equally. Permanent application of the AGC function means all original amplitude
information is lost; such a function should not be applied to the data early in the
processing flow. Like frequency filtering, it is better to use this function as a final

tweak to the display before final output.

2.2.3 Geometry and CMP sorting

Survey geometry (shot point location, shot interval, receiver spacing, etc.) is
entered into a spreadsheet. This information is used to regroup shot records into
CDP bins. Location of shot points can be entered manually with a table of GPS
coordinates generated onboard during acquisition or the shot points can be generated

automatically by a computer using the acquisition parameters. Automatic geometry
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generation is a more straightforward process and is sufficient when seismic lines are

quasi-linear.

2.2.4 Velocity analysis and normal moveout (NMO)

correction

Multifold coverage with non-zero offsets yields velocity information about the
reflectors in the subsurface (Yilmaz, 2001). For a horizontal reflector, the two-way-

travel time (TWT) at a given channel, ¢,, is given by

42

2
URMS

te = [te> + (2.14)

where x is the source-receiver offset, vgyss is the RMS velocity of the first layer and ¢
is TWT at zero-offset. Normal moveout (NMO) is defined as the difference in TWT

of t, and ty, or Atyyo where:

Atyro = |te — tol (2.15)

and moves non-zero-offset TWT to zero-offset TWT (Yilmaz, 2001). The effect of
NMO is more pronounced for shallow refections and large offsets.

For horizontal layering and small offsets, seismic (RMS) velocity, NMO velocity
and stacking velocity can be used interchangeably. NMO is often used to create
velocity functions that will reposition traces in CMP gathers to zero-offset so that the
traces may be later combined for maximum signal amplitude (i.e. stacking, discussed
below).

The first step in creating a velocity function is choosing representative CMPs for

analysis. Discerning NMO corrections for non-horizontal reflectors involves computa-
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tion using a mathematically-complex algorithm. For this reason, in areas of complex
geology, the horizontal sections of the reflectors are chosen for velocity analysis. Sev-
eral neighbouring CMPs are combined into supergathers to increase offset-sampling
for velocity semblance calculations.

Semblance between traces is calculated by dividing each trace in each supergather

into discrete sections of time and using statistical measures to correlate each trace:

(2.16)

where A;j is the amplitude of the j** time-section of the i trace. Output from the
semblance function yields a contour plot with high density areas representing location
of maximum semblance. The velocity function for the data can be chosen by picking
in these high density areas on the semblance plot (simplified as red dots in Fig. 2.11);
interpolation between chosen functions creates a velocity function describing the entire
seismic profile. If a velocity is chosen too high, the result is an under-correction of
the reflector: the data curves upward; if a velocity is chosen too low, the result in an
over-correction of the reflector: the data curves downward. When the correct velocity
is chosen, reflectors will flatten and emulate zero-offset data (e.g. Fig. 2.11).

Where geology is complex, semblance analysis is often inaccurate and other
methods, such as constant velocity panels (CVPs) or constant velocity stacks (CVSs),
must be used in conjunction. Both the CVPs and and CVSs use NMO-corrected data
to output results at varying velocities. The appropriate NMO velocity can be chosen
from panel or stack which yields the flattest reflection(s). Both the CVP and the CVS

method yield velocity results which are contingent on the test-velocity spacing (i.e.

33



SJIND 92U} JO UOI3091100 QNN uenbasqns o) pue soue[quIss Suisn SISA(eur £)100[pA Surjordop uoore)) :11°g oINS

Yidop ==

111

yydep ==

- J

yidop ==

~a==135]J0

~a== A}I00|OA

~e==135]J0

Jayieb dND pe1oaliod-ONN

(==) uonouny Aj100j9A UBSOYD pue
(® souejquias A)100[aA

OWN bBuikeidsip sayieb 4N

34



results can only be as precise as test velocities chosen). Further examples of these
methods and the semblance method are shown in Chapter 3.

The resolution and accuracy of velocity estimation is limited by factors such
as: reflector depth (deeper reflectors have less move-out); reflector dip (velocities are
most accurate for horizontal reflectors, the more a reflector is dipping, the less ac-
curate the velocity estimate); spread length (NMO is more pronounced at greater
offsets, yielding better velocity-matching); fold (greater sampling of a CMP yields
higher statistical probability of accurate semblance correlation); S/N ratio (data with

higher S/N ratios produce more accurate velocity functions); and data set bandwidth.

NMO-stretching

NMO correction moves non-zero offset waveforms to zero-offset position by literally
stretching the waveforms in the time domain from their original dominant period
of Tt (and dominant frequency, f’) to a new dominant period of 7' (and dominant
frequency, f). Figure 2.12 shows that 77 < T and, from Eq. 2.10, this implies

that f* > f. The results of this is a loss of temporal resolution and frequency

AtNMO

«— 4 —>—

Figure 2.12: Tllustration of NMO stretching.
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distortion especially affecting shallow reflections and far-offset traces (Yilmaz, 2001).

The amount of frequency distortion, Af, is given by

Af _ Atywmo
I t(0)

To minimize the distortion on the data set, a stretch-mute must be applied to the

(2.17)

gathers prior to stacking.

Interval velocities and depth conversion

For this thesis it was assumed that vyy0 & vrirs (methodology for determining
vymo described in previous section). The determination of the RM S velocities allows
the calculation of interval velocity, v;yr, between one reflection with velocity vrys,

and a second reflection with velocity vgass, using the Dix Equation:

ta U

Vhms,s — Vhus, 3
VINT — 22 12 (218)
2 2

where t; and t5 are the zero-offset TW'T for the first and second reflectors, respectively.
Once the interval velocity is determined, depth can be calculated using the simple

relation

d :do + ’U]NT(tQ — tl) (219)

where d is the depth to the first reflector (note that v;yr(to — t1) gives the thickness of

the layer). This process can be extended to calculate depth for multi-layered systems.

36



2.2.5 Stacking

The stacking process combines all traces in a CMP into a singular, high-
amplitude trace, compacting the data-set and increasing reflection resolution (Fig.

2.13). A common summation for the stacked trace amplitude, Sy, for n traces is

given by

Z A; (2.20)

where A; is the amplitude of the i** trace.
Stacking the data-set makes future procedures (such as migration) more manage-

able. It is also the single best process for maximizing the S/N ratio: coherent, primary

NMO-corrected CMP gather Result of stacking process

zero-offset traces zero-offset trace

> s

=

sum zero-

\> offset traces
using Eq.
™

F

Figure 2.13: Illustration of the stacking process.

-a= depth

- depth
Y
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energy is amplified while both coherent noise (e.g. NMO over-corrected multiples) and
random noise are reduced.

Stacked data is displayed as zero-offset data resulting from normal-incident P-
waves reflected on horizontal layers (i.e. CDPs are treated as CMPs). This results in
distortion of dipping reflectors and diffraction of point-sources. Dipping reflectors are
imaged to be longer and less steep than they really are (Fig. 2.14). Geological features
like anticlines, synclines, and faults are distorted in the stacked section. Anticlines
appear broader and display reflector cut-off at either limb (Fig. 2.15). Synclines
appear compacted and display "bow-tie" geometry(Fig. 2.16). Faults, sharp edges
and dipping surfaces appear as series of diffractions on the seismic profile (Fig. 2.17).

In order to correct for this distortion, the data must be migrated.

2.2.6 Migration

The migration process restores mispositioned subsurface reflectors to their proper lo-

cations (Fig. 2.18). Effects of migration include:

(1) diffractions are collapsed;

(2) dipping reflectors are steepened (dip increased), shortened and moved up-dip
resulting in the steepening of anticlines and the broadening of synclines. Note that in
a time-migrated section, dipping reflectors are not completely restored to their true
subsurface position, this is only accomplished with depth-migration;

(3) bandwidth of the dataset is decreased.

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

high. Migration can executed in either in time or in depth. Time migration assumes
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CMP,

CMP,

CMP, CMP,

reflector
appearance
P, in stacked data

/

Figure 2.14: On a CMP stack, dipping reflectors are imaged longer and less steep than they
really are. (a) Imagined positions of P; and P, on reflector with apparent dip
= /. (b) True subsurface position of P; and P, on reflector with true dip, «.
Actual depth positions are restored during the process of migration, discussed

in the next section.

z

Real geology Stacked section
CMPs CMPs
2 3 4 5 6 7 1 2 3 4 5 6 7
X 3 X
i 0 i refliectori

- imaged twice

N

(a)

(b)

Figure 2.15: (a)Actual subsurface anticline. (b) Because of the curved surface, two reflec-
tions originating from the same reflector are recorded at CMPs 2 and 6. Note
how the anticline appears broader on the CMP stack section.
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Real geology

CMPs
1 2 3 4 5 6 7 x

Stacked section

CMPs

bow-tie

Figure 2.16: (a) Actual subsurface syncline. (b) Because of the curvature, the reflector is
imaged several times at the CMPs, resulting in bow-tie geometry in the stacked
section. Note how the syncline appears compressed in the stacked section.

Real geology

CMPs
1.2 3 4 5 6 7

Stacked section
CMPs

diffractions

X

/ . (b)

t

Figure 2.17: (a) Actual geology of a dipping reflector and an extensional fault. (b) Diffrac-

tions generated in stacked section.

40



CMP, CMP,

g -

True °
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' Migration . P,

Figure 2.18: Illustration of migration principles. Note that after migration: reflector is
shortened; dip increases (i.e. a < o'); and reflector is moved up-dip.
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diffractions are hyperbolic and uses this to collapse diffractions while depth migration
uses a known velocity model to more-correctly approximate diffraction shapes. Al-
though depth migration provides a more accurate picture of the subsurface geology,
it is more computationally intensive than time migration and requires an accurate
velocity model for optimal results. For data with small folds, the accuracy of the
velocity function decreases significantly with depth and is not suitable for depth mi-
gration. The two important (time) migration algorithms relevant to this thesis are

Stolt migration and Kirchhoff migration are discussed below.

Stolt migration

The Stolt, or frequency-wavenumber (fk), migration algorithm is fairly simple
and robust. Its fastest, and best, performance is at constant velocity where data is
transformed into the fk domain, multipled by a scalar and then transformed back
into the time domain. The Stolt stretch factor, W, is used to stretch the time axis
and allow for non-constant velocity migration. This slows down the algorithm con-
siderably and the end-result is not as good as other migration algorithms. For this
reason, Stolt migration is best used as method to approximate migration velocities to

be used as starting-point velocity models for other migration algorithms.

Kirchhoff time migration

Kirchhoff migration, or diffraction-stack migration, bases its algorithm on the
assumption that every point on a reflector acts as a secondary point source generating
hyperbolic TWT curves. The Kirchhoff migration algorithm collapses the diffraction
hyperbolae visible on stacked sections by summing the amplitudes of the diffraction
hyperbolae of all the secondary sources and placing them at the appropriate apex

(Fig. 2.19). This is achieved by using a reliable migration velocity function. Mod-
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Figure 2.19: Tllustration of Kirchhoff migration principles. (a) Zero-offset stacked section.
(b) Kirchhoff migration maps the amplitude at points P;; or P to apexes
Aq and As respectively.

erate temporal and lateral velocity gradients are tolerated within the Kirchhoff time

migration algorithm, but severe gradients will produce unwanted migrational artifacts

on the final image.

Kirchhoff migration can migrate all dips and the choice is available how large
of a migration aperture is desired. The migration aperture specifies the range of data
included in the migration of each point (Sheriff, 1995); deeper and steeper reflectors
require larger apertures to migrate properly. Ideally, the aperture should be larger
than twice the horizontal migration distance of the steepest dipping reflector (Yil-
maz, 2001). The larger the migration aperture and the steeper the dip to migrate,

the longer the computational cost of the process.
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2.2.7 Deconvolution

The seismic record, R(7T") can be thought of as the convolution of the earth’s impulse

response function, F(t) and the source signature, S(t):

R(t) = E(t) = S(t). (2.21)

If the source signature was a spike, then the convolution would generate a seismogram
illustrating the impulse response of the earth. Of course, the seismic record is also
superimposed with noise (both coherent and random). Denote a noise function, N(t),

to represent this noise, so now,

R(t) = E(t) = S(t) + N(t). (2.22)

Deconvolution, then, is the attempt to reverse the convolution process and leave
only the earth’s impulse response. It can be used to attenuate both short-period
wavelet reverberation (spiking deconvolution, short-gap predictive deconvolution) and
long-period multiples with predictable periods (predictive deconvolution, adaptive
deconvolution). Deconvolution can be applied either pre- or post- stack. Post-stack
deconvolution is much less computationally intensive and it also benefits from the

increased S/N ratio that stacking provides.

2.2.7.1 Spiking deconvolution

Spiking deconvolution is an inverse filter which attempts to remove the source
wavelet from the siesmogram; it can suppress short-period multiples and increase
temporal resolution by shortening the source wavelet and approximating it as a spike.

A spike in the time domain is equivalent to a flat spectrum in the freqency domain
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(this type of deconvolution is also referred to as whitening). At high frequencies,
spiking deconvolution is especially prone to generating added noise in the section.
Note: If the source wavelet is not perfectly minimum phase, spiking deconvolution

will not be effective (Yilmaz, 2001).

2.2.7.2 Predictive deconvolution

Predictive deconvolution algorithms are based on five assumptions: (1) the source
wavelet is both minimum phase and stationary (i.e. does not change in time); (2) sub-
surface reflectors are horizontal and have constant velocity; (3) noise is minimal (i.e.
seismic record behaves more like Eq. 2.21 than Eq. 2.22); (4) the source generates
P-waves which are reflected at normal incidence at interfaces (i.e. do not produce
S-waves by shearing); (5) and the earth’s reflectivity series is random (Yilmaz, 2001).
Despite the many (often incorrect) assumptions used in these algorithms, predictive
deconvolution is often very effective at removing both short- and long- period multi-
ples from the data set. Unwanted data is deconvolved using a filter generated from
parameters obtained from the autocorrelation of the seismogram.

An autocorrelation function is the correlation of the data set with itself
(Fig. 2.20). Under the assumption that the source wavelet behaves as the seismogram
does (assumption 5 above), the autocorrelation function can be used to estimate
deconvolution parameters like prediction lag, «, and prediction operator length, n.
For a source wavelet of length n + «, the deconvolution alrgorithm will create a filter
of length n which compresses the signal to a wavelet that is a samples long (Yilmaz,
2001).
The choice of prediction lag therefore directly affects the compression (i.e. am-
plitude spectrum) of the output wavelet. The shorter the prediction lag, the more

the wavelet is compressed. In fact, spiking deconvolution is equal to choosing o = 1
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Figure 2.20: Autocorrelation function and choice of prediction lag and operator length.

so that the filter operates over only one sample in time, thus whitening the frequency
spectrum. Predictive deconvolution can mimic spiking deconvolution for short-period
multiple supression by chosing a short prediction lag equal to the 2" zero-crossing
of the autocorrelogram (Fig. 2.20). For long-period multiple supression, the predic-
tion lag should be equal to the beginning of the first multiple on the autocorrelation
function (Fig. 2.20). Note that, in all cases, highly compressed wavelets boost both
high and low frequency noise; therefore, longer prediction lags are best. The choice
in operator length, n, affects the degree of multiple supression. The ideal operator
length should be sufficiently long so that it does not leave much energy in the autocor-
relation function, but not so long that it will begin to deconvolve geology. Note that
deconvolution parameters should be tested extensively to obtain optimal parameters

for the particular data set before applying a permanent deconvolution to the data.
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Adaptive deconvolution is a sub-type of predictive deconvolution which adapts
to the changing shape of the source wavelet as it travels through the earth by making
multiple calculations of the autocorrelation function over many windows. This type of
deconvolution can be very harsh and can leave unwanted, eraser-like marks on seismic

sections, often eliminating primary energy, and must therefore be used very carefully,

if at all (Yilmaz, 2001).

2.2.8 Multiple supression

Predictive deconvolution and stacking are the two most effective multiple removal
tools. Other types of multiple removal processes include frequency-wavenumber (FK)
- domain multiple removal and the wave equation multiple removal (WEMR). Because
multiple removal techniques were not successful for this data set, a detailed discus-
sion here is not required. Curious readers can find information on multiple removal

techniques in texts such as Yilmaz, 2001.

2.3 Geological interpretation of 2D marine
seismic data

If the goal in data processing is to produce an image which is the best reflection
of the true subsurface geology; it is, then, the goal of interpretation to take this image
and determine its geological significance. The three major aspects of geological in-
terpretation are: l-establishing a litho- and chrono-stratigraphic framework (Chapter
4); 2- identifying and mapping important structural markers across the study area
(Chapter 5); and 3- generating models which explain the evolution of these features on
a larger scale (Chapter 6). Initial small-scale observations from seismic profiles evolve

and combine together to create the "big picture" of the regional tectonic framework.
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2.3.1 Stratigraphy and chronology

Sequence stratigraphy is a methodology which uses a hierarchy of chronostrati-
graphically significant surfaces, or sequence boundaries, to subdivide the sedimen-
tary record into relatively conformable and genetically-related strata (Mitchum et al.,
1977). Sequence boundaries mark periods of lowstand and are marked by extensive
erosion; they are unconformities. Unconformities are representative of large gaps in
geological time and are, in general, diachronous. Reflectors between sequence bound-
aries can show characteristic terminations which aid in interpretaton (e.g. Figs. 2.21
and 2.22). Toplap is indicative of progradation and is commonly observed in deltaic
environments, coastal barrier islands, and large sand waves. If the top-most layer is
more thin than the temporal resolution of the seismic profile, toplap may be indistin-
guishable from an angular unconformity. Downlap involves the termination of more
steeply dipping younger strata onto a less steeply dipping older surface. Onlap is
characterized by shallowly-dipping younger strata overstepping each other and termi-
nating on a steeper-dipping older surface. This is associated with the progressive infill
of a structural low. Offlap occurs when the distance between strata becomes smaller
than the temporal resolution of the wavelet; thus reflections terminate mid-section.

Major unconformities (i.e. sequence boundaries) form the boundaries of
the stratigraphic units in the study areas. These units have similar reflectivity and
internal characteristics as well as depositional ages. Detailed seismic interpretations of
prominent reflections, unconformities, and structural features are traced by hand on
paper sections. Crossover lines are integral in generation of a stratigraphic framework
by facilitating the correlation of prominent reflections and unconformities across the
study area. Stratigraphic unit apparent-thickness maps (isochore maps) are generated

to illustrate the overall sedimentary evolution of the region and, later, aid in structural
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Figure 2.22: Seismic example from the 2008 Cilicia Basin survey demonstrating the various
reflector terminations (from Walsh, 2012)
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interpretation. Where possible, chronostratigraphic information of the identified units
is derived by direct correlation of these units with existing well-log data. Where well-
log correlation is not possible (e.g. to probe deeper into a section that a well-log has
recorded, or where a well-log is not available), correlations with and extrapolations
from surrounding areas are performed in order to establish the chrono-stratigraphic
framework. Chapter 4 contains a detailed account of the establishment of the chrono-

stratigraphic framework for the Antalya Basin.

2.3.2 Structural geology

Prominent structural features are highlighted on all seismic profiles. In the
Antalya basin, these features include: faults (both normal and reverse), basins, ridges
and salt structures. Where major structures are not immediately visible, minor struc-
tures are used to delineate the major structures (e.g. Fig. 2.23). For example, thrust
surfaces are not always clearly imaged on seismic sections and, thus, minor structures
(e.g. footwall and/or hangingwall ramps and flats) are used to trace thrust trajec-
tories (e.g. Fig. 2.24). Sense of separation along a fault place was determined by
identifying the apparent vertical and horizontal offsets of prominent reflections (Figs.
2.23, 2.24). Faults can have lateral movement in conjunction with vertical and hori-
zontal displacement. These so-called strike-slip, or oblique, faults are very difficult to
identify on seismic profiles and minor structures are vital in uncovering them; minor
structures hinting at the presence of oblique faulting include positive and negative
flower structures (e.g. Harding, 1985; Twiss and Moores, 1992; Moores and Twiss,
1995; Woodcock, 1986; Woodcock and Fischer, 1986). Inversion structures can be
indicative of strike-slip faulting, but may instead be depositional effects. Evaporite
sequences are identified by a very reflective upper boundary and moderately laterally

continuous, sometimes chaotic internal reflections (e.g. Fig. 2.25). Sediments overly-
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Figure 2.23: Minor structures associated with (a) horizontal and vertical separation of
marker reflections in a normal fault, (b) growth strata wedges developed in
a listric normal fault and (c) growth strata wedges developed as piggy-back
basins in a thrust fault (from Walsh, 2012; modified from Aksu et al., 2009)
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ing the evaporites are deformed as a result of salt migration, or halokinesis, and form
signature structures including minibasins, turtle structures, and detachment surfaces
(Hudec et al., 2011). Relative age of formation of structures is ascertained by obser-
vation, or lack thereof, of growth strata wedges in the strata immediately adjacent
or overlying the structures (e.g. Fig. 2.25). Presence of growth strata indicates that
deposition was syn-tectonic. It is important to be aware that planar fault surfaces
can appear listric in time section due to velocity changes with depth. Interpretation
of a listric fault surface must be made in consideration of this fact.

Structures were correlated across adjacent profiles and mapped by hand to reveal
the overall structural trends in the study area. Line crossovers were used to confirm
structural orientations for mapping. Two major structural maps were generated: one
for the pre-Messinian Miocene interval; and one for the Pliocene-Quaternary interval.
Chapter 5 contains a full discussion on the structures and their trends as identified in

the seismic reflection profiles from Antalya Basin.
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Chapter 3

Data processing: 2008 eastern
Mediterranean Sea survey, western

Antalya Basin

The previous chapter described the theory behind the processing techniques
used on 2D seismic reflection data. The current chapter outlines the processing flow
and specific parameters generated by the author to obtain optimal S/N ratios for the
2008 western Antalya Basin seismic data.

Approximately 500 line-km of 96-channel, 12-fold seismic reflection data was
acquired from the western Antalya Basin during the summer of 2008 (Fig. 3.1). Most
of this data was processed by the author; however, approximately 90 line-km were
processed by an author in a collaborative study (i.e. Cinar, unpublished thesis, 2012;
see Fig. 3.1). Processing was done using Landmark’s ProMAX software using the

techniques described in Chapter 2. Various screenshots taken from ProMAX illustrate

56



the degree of success of the processing techniques. The processing flow used for the
2008 western Antalya Basin data is shown in Fig. 3.2.

For esthetic purposes, where required, screenshots were enhanced in CorelDraw by
manipulating the brightness, contrast and intensity of the original bitmaps (e.g. Fig.
3.3). It is important to note that this manipulation of the bitmaps did not affect the
outcome of the processing in any way. Further, no interpretation was done on these
screenshots. All interpretation for this thesis was done on exported ProMAX bitmaps

which were imported directly to CorelDraw and not enhanced prior to interpretation.

3.1 Raw shot record analysis

Figure 3.4 on page 61 shows raw shot records for shallow and deep water,

respectively (from Line A in Fig. 3.1).

3.1.1 Spectral analysis and frequency filtering

Initial spectral analysis of the raw shot records indicated the data set contained
frequencies in the range of 0 to >400 Hz (Fig. 3.5). To eliminate both high and low
frequency noise while retaining optimal bandwidth for imaging, an Ormsby filter was
used with the following operating parameters: low cut - 20 Hz; low pass - 60 Hz;
high pass - 200 Hz; high cut - 250 Hz (i.e. 20 - 60 - 200 - 250). In addition to the
regular bandpass, a 50 Hz notch filter with a 4 Hz ramp is applied to reduce inherent
electrical noise. The bandpass filter is not permanently applied to the data until the

very end where it is used as a final display parameter for output.
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Figure 3.2: Processing flow for the 2008 western Antalya Basin seismic reflection data.
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Figure 3.3: Original screenshot from ProMAX is very dark (left). For better visual display,
screenshots were enhanced in CorelDraw by varying the brightness, contrast and
intensity of the bitmap (right).

3.1.2 Near-trace gather

Displaying one channel for each shot record gives an preliminary impression of
the subsurface geology. Because travel time increases with source-channel distance,
channels closer to the source will give a more realistic image of seabed depth. Figure
3.6 shows a near-trace gather for Line A (location shown in Fig. 3.1). Once the data
is sorted into CDP gathers, the near-trace gather is used to approximate the locations

for velocity profiles (discussed further below).
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Figure 3.4: Shot records showing full 7 seconds of recording time from deep water (left)
and shallow water (right). In both profiles, the direct wave is highlighted in
green and the seabed is highlighted in pink. Note the low-frequency noise which
dominates both shot records.

o

3.2 Primary processing: Hand statics and
spherical divergence corrections

Primary data processing includes shifting the traces in time to account for lag
between the shooting box and the recorder, and scaling the amplitudes of each trace

to correct for signal attenuation with depth.

3.2.1 Static corrections

From Eq. 2.8, the calculated arrival time for the direct wave, ¢; should be:
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Figure 3.5: Spectral analysis of raw shot records (left) shows data set contains frequencies
in the 0 - 400 + Hz range. After applying a 20 - 60 - 200 - 250 Ormsby frequency
filter (right), the 50 - 250 Hz signal is amplified. Note the frequency spike every
50 Hz due to inherent electrical noise.

7Tm
o= M50 3.1
LT 1480 m/s e (31)

As can be seen in Figure 3.7, the actual arrival time, ¢, of the direct wave was
approximately 80 ms. Using Eq. 2.9, the static correction, SC, required for the data
set was:

SC = 80ms — 50ms = 30 ms. (3.2)

Static corrections were applied using the Hand Static function in ProMAX.

3.2.2 Spherical divergence and AGC

To reverse the effects of spherical spreading governed by Eq. 2.13, a spherical
divergence correction (SDC) is applied to each trace. This is accomplished with the

True Amplitude Recovery function and is applied permanently to the data set.
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Figure 3.7: Zooming in on the deep water raw shot record shown in Fig. 3.4, it is seen that
the actual arrival time of the direct wave is approximately 80 ms.
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Automatic gain control (AGC) is also useful for amplifying attenuated signal at
depth. For this data set, a 500 ms window is found to be ideal. Like the frequency
filter, AGC is not permanently applied to the data early in the processing sequence;
instead, it is used as a display parameter until it is applied to the image during the

final output.

3.2.3 Results of primary processing

The results of primary processing on the raw shot gathers are shown in Figure

3.8.

Channel # Channel #
10 20 30 49 5|0 6|0 70 8 9 10 20 30 40 50 60 70 80 90
=+ - 1 1

Figure 3.8: Shallow water (left) and deep water (right) shot gathers with AGC, frequency
filtering and primary processing (spherical divergence and statics corrections)
applied. Shot gathers have been enlarged to show only 3s recording time each.
Note: (1) the low frequency noise which dominated the raw shot gathers in
Fig. 3.4 has been attenuated; (2) low amplitude deeper reflections have been
enhanced.
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Figure 3.9: CDP gathers from shallow (CDP1) and deep water (CDP2). Seabed is high-
lighted in blue; seabed multiple is highlighted in red. Note how the normal move
out observed in the seabed reflection is higher in shallow water (left).

3.3 Geometry and CDP sorting

Since the survey grid lines are approximately linear and sub-parallel, specific sur-
vey navigation coordinates were not required for processing this data set. Instead, the
survey geometry was entered into ProMAX’s 2D Marine Geometry Spreadsheet and
headers were created using relative floating coordinates. CDPs imaged by different
shot-receiver pairs were grouped together (e.g. Fig. 3.9).

Note that the CDPs referred to in this context are actually CMPs (or common
mid points). Processing these CMPs as though they were CDPs creates artifacts on
the seismic record from mispositioned reflectors. Repositioning of the true locations of
subsurface depth points does not occur until after stacking (further discussed below);

however, for the purpose of this discussion it will be assumed that CDP ~ CMP.
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3.4 Velocity analysis and NMO correction

A near-trace gather with CDP labels was used to approximate the location of
near-horizontal surfaces on the seafloor and other important reflectors. These rep-
resentative CDPs were used as the central traces in nine-trace supergathers. When
fold is small and dips are low (i.e. quasi-horizontal surfaces), supergathers generate
more accurate velocity analyses by increasing S/N ratio. ProMAX calculates veloc-
ity semblance as well as constant velocity stacks for each input CDP location (e.g.
Figs.3.10 and 3.11). For shallow depths, choosing the peaks in the velocity semblance
is generally trivial and often generates a good velocity function. However, as seen
in Figures 3.10 and 3.11, velocity semblance spreads out with depth and it becomes
progressively more difficult to obtain accurate velocity functions deeper in the seismic
sections. Because of this, picking good velocity functions was extremely tedious as it
was necessary to simultaneously compare results for the velocity semblance, constant
velocity stacks and the CDP gather.

ProMAX interpolates between each velocity pick to obtain a continuous velocity
function for the data set. Abrupt velocity changes (either temporal or lateral) were
not well-tolerated; simple velocity functions, where possible, were best and yielded

the best stacks.

3.5 Stacking

Each CDP in the data set was NMO-corrected and stacked using the veloc-
ity functions obtained during velocity analysis (e.g. Fig. 3.13); a 30% mute was
applied during the stacking process to eliminate noise from NMO-stretching. While

the stacked section has a higher S/N ratio, it was distorted by mispositioned dipping
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Figure 3.12: NMO-corrected CDP gathers in shallow water (top, CDP1) and deep water
(bottom, CDP2)
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reflectors, bowties, and diffraction hyperbolae generated by point sources (e.g. Fig.
3.14). Migration was required to reposition data points for a best approximation to

the true subsurface geology.

3.6 Migration

Compared to other processing flows, migration is quite computationally inten-
sive. Because it is also iterative, obtaining a well-migrated section can be very time
consuming. In the interest of saving time, Stolt migration can be used to estimate the
migration-velocity model for the much slower, but more effective, Kirchhoff algorithm.
In this method, the stack is quickly Stolt-migrated at various relevant velocites (e.g.
1500 m/s, 1600 m/s, 1700 m/s, etc) and estimates of migration velocities for pertinent
reflectors are obtained by careful examination of each of the migration outputs. This
first estimate is then input into the Kirchhoff migration flow. The Kirchhoff-migrated
image is then checked for improperly migrated features such as bowties (if the mi-
gration velocity is too low) and smiles (if the migration velocity is too high), and
the velocity function is edited accordingly. The Kirchhoff migration is re-run after
appropriate velocity edits until an acceptable final image is obtained (e.g. Fig. 3.14).

While Stolt migration is indeed less computationally intensive than Kirchhoff,
the migration algorithms are also sufficiently different that the constant-velocity esti-
mates obtained from Stolt migration consistently over-migrate in the Kirchhoff flow.
With practice, it is possible to skip the Stolt migration step entirely by identify-
ing several prominent marker reflectors and using migration velocities determined for
similar marker reflectors on adjacent seismic reflection profiles for the initial velocity
estimate (e.g. in the western Antalya Basin, the M-reflector is found to migrate at

approximately 1650 m/s). Of course, migration velocities for the same reflector will
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Figure 3.13: NMO-corrected CDP gathers are stacked to increase S/N ratio.
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vary slightly depending on the location, depth, etc., but quite often it will only require
a few small tweaks to obtain a good migration. Like the stacking velocity function, a
simple migration velocity function yields the best results. Abrupt lateral or temporal

velocity variation produces undesirable results and increases computational time.

3.7 Deconvolution

The wavelet generated by the 2008 source was not minimum phase; therefore,
spiking deconvolution was not attempted on this data set. Predictive deconvolution
has been previously found to be ineffective in eastern Antalya Basin due to the com-
plex geology in the region (Igler, 2005). Although it was likely that results from
deconvolution would be similar in the similarly complex western Antalya Basin, sev-
eral predictive deconvolution trials are performed. These trials included both pre-
and post- stack deconvolutions where operator length and prediction distance relative
to the seafloor are varied.

A short-gap (small operator length) deconvolution was applied to the data
pre-stack. An operator length of 8 ms was chosen (from second zero-crossing of au-
tocorrelation function) to compress the wavelet and reduce ringing on the seismic
reflection profiles. Predictive deconvolution aimed at multiple removal (by increasing
the operator length) was minimally effective and sometimes introduced very strange
noise which obscured primary reflections (e.g. Fig. 3.15). Because of the ineffective-
ness in this study area and the introduction of noise, no longer-gap deconvolution is
applied to any of the 2008 seismic reflection profiles in the western Antalya Basin.

Adaptive deconvolution had been particularly effective for seabed multiples in

the Cilicia Basin (e.g. Piercey, M.Sc. thesis, 2010). Unfortunately, in the western
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Antalya Basin, parameters which were very successful in multiple attenuation caused

considerable signal loss and were therefore not used.

3.8 Multiple removal

In addition to deconvolution, various other multiple removal techniques were
attempted on the data including WEMR and FK-filtering. While WEMR was quite
effective at estimating the location of the seabed multiples, the algorithm for subtract-
ing the appropriate amplitudes from the data was poor. Consequently, the application
of WEMR to the data set did not result in any measurable multiple suppression and
was therefore not applied to any line.

Due to either (a) ineffectiveness at multiple suppression or (b) introduction
of noise obscuring primary reflections, no multiple-removal processes were applied to
the 2008 western Antalya Basin data set. Multiple suppression in this data set was
achieved in varying degrees with careful choice of NMO velocities during the stacking
process. Because the bulk of the data is in deeper water, most of the multiples arrive
near the end of recording time and do not obscure pertinent primary reflections; thus,
for this data set, multiple removal was, generally, not integral to the success of the
processing sequence. Where multiple removal would have been beneficial is near the
continental shelf and slope where seabed multiples in the shallower water sometimes

cause significant interference with primary reflections.

3.9 Processing difficulties

The geology of the western Antalya Basin is complex and varied. Seabed
TWTs in a single seismic reflection profile range from approximately 100 ms along

the shelf to 3000 ms and greater toward the basin (e.g. Fig. 3.16). This marked
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bathymetric variation is echoed in the underlying sediments and generates steeply
dipping reflectors on the present-day seabed as well as the paleo-seabed surface (e.g.
Fig. 3.16). Steeply dipping reflectors make processes such as deconvolution and
other multiple removal processes extremely challenging and quite often, as in the case
for this data set, completely unsuccessful. However, multiples which remain on the
seismic record are generally readily identifiable and highlighted during interpretation;
seabed multiples are generally readily recognised from their travel time being exactly

double that of the seabed reflection.

3.10 Depth conversion

Good depth conversion required reliable interval velocity functions. While results
from stacking were generally good, velocity functions obtained from this data set are
not very accurate. This is due in part to the short streamer and subsequent low
fold and small spread length. Furthermore, most of the seismic reflection profiles are
located in deeper water where NMO is already low. Due to poor resolution of the
velocity functions (especially at depth), depth conversion is not especially useful for
this dataset. Lack of depth conversion means decreasing vertical exaggeration in time.
This is especially important to keep in mind when interpreting growth strata or fault
trajectories within Unit 3. For example, a planar fault would appear as a straight line
in a depth section, but would appear listric (concave upward) in a time section. If
required, depth can be approximated using the following interval velocities reported
elsewhere in the eastern Mediterranean: Unit 1 - 2000 m/s; Unit 2 - 4200m/s; and

Unit 3 - 3000-3500m/s.
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3.11 Final display

A top-mute 20 ms above the seabed was constructed for each seismic reflection
profile. This ensured a cleaner-looking final image. Before final output, the top-mute
was applied to the data along with the 20 - 50 - 200 - 250 Ormsby bandpass filter
and the 500 ms AGC filter. Figure 3.16 shows the final display for the fully processed
Line A (location shown in Fig. 3.1). All seismic reflection profiles processed by the

author are found in Plates 1-14 in the back of this thesis.

3.12 Summary

All data from the 2008 western Antalya Basin survey processed by the au-
thor has spherical divergence and static corrections permanently applied during the
primary processing flow. All data is stacked and time-migrated using the iterative
methods described above. Due to the lack of accurate velocity information deeper
in the seismic sections, depth conversion is not performed on any lines. A pre-stack
short-gap predictive deconvolution was applied to the dataset to reduce ringing at the
seabed; however deconvolution at longer operator lengths was not applied because the
process introduced noise and other artifacts which obscured primary reflections. For
similar reasons, no multiple attenuation processes (e.g. WEMR, FK) were perma-
nently applied on any of the 2008 seismic reflection profiles processed by the author.
Final display parameters for the 2008 data processed for this thesis are a 20-50-200-
250 Ormsby bandpass filter, a 500ms-window AGC and a 20 ms top mute above the
seabed.
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Chapter 4

Stratigraphy and chronology for

the western Antalya Basin

The previous chapter outlined the methods for the acquisition, processing
and geological interpretation of 2D seismic data. All data from the 2008 western
Antalya Basin survey processed by the author has spherical divergence and static
corrections permanently applied during the primary processing flow. All data was
stacked and time-migrated using the iterative methods described above. Due to the
lack of accurate velocity information deeper in the seismic sections, depth conversion
was not performed on any lines. A pre-stack short-gap predictive deconvolution was
applied to the dataset to reduce ringing at the seabed; however, deconvolution aimed
at multiple removal was not applied to the data due to the introduction of noise and
other artifacts which obscured primary reflections. For similar reasons, no multiple
attenuation processes (e.g. WEMR, FK) were permanently applied on any of the 2008
seismic reflection profiles processed by the author. Final display parameters for the

2008 data processed for this thesis include a 20-50-200-250 Ormsby bandpass filter, a
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500ms-window AGC and a 20 ms top mute above the seabed. Note that approximate
velocities for depth conversion derived interval velocities reported elsewhere in the
eastern Mediterranean are: Unit 1 - 2000 m/s; Unit 2 - 4200m/s; and Unit 3 - 3000-
3500m/s.

This chapter describes how the chronostratigraphic framework for the region is
established. This is accomplished using the seismic reflection profiles processed by the
author with other archived seismic reflection profiles both from the Eastern Mediter-
ranean Research Group and from industry. Fig. 4.1 shows all seismic lines used for
this task. On the basis of acoustic character, stratigraphic position and location of the
M- and N- unconformities, three distinct seismic units are identified in the Antalya
basin: (1) Unit 1 - Pliocene-Quaternary siliciclastic successions; (2) Unit 2 - Messinian
evaporites and interbedded siliciclastic successions; and (3) Unit 3 - undifferentiated
pre-Messinian siliciclastic and carbonate successions. The lithostratigraphic composi-
tion and chronology of these units is determined through correlation with an onshore
exploration well (location shown in Fig. 4.1). These units are further correlated with
sedimentary successions identified in adjacent basins (e.g. Adana, Mesasoria, Cilicia,

Latakia and onshore Antalya Basins; discussed in detail below).

4.1 Unconformities and seismic units in western

Antalya Basin

4.1.1 The M- and N- reflectors

The M - and N - reflectors represent distinctive unconformities observed in
seismic records across the entire eastern Mediterranean. The M-reflector, named

by Ryan in 1969, marks the erosional surface which existed during the late Miocene
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(Messinian) when the closing and re-opening of the Gibraltar Straight caused a cyclic,
nearly-complete desiccation of the entire Mediterranean Sea. Previous studies have
shown that the M - reflector is a major unconformity separating the latest Miocene
sequences from the younger Pliocene sedimentary successions (e.g. Hsii et al., 1978;
Robertson, 1998a). In most of the Antalya Basin, the M-reflector images as a bright,
laterally continuous, marker on almost all seismic profiles and serves as an important
stratigraphic marker separating older, Miocene depositional sequences from younger,
Pliocene-Quaternary sequences. In northwestern sections of the study area, however,
extensive deformation of the subsurface makes this usually prominent marker more
difficult to discern. In this area, the placement of the M-reflector is inferred using
stratigraphic cut-offs and the thicknesses and acoustic character of the overlying and
underlying sedimentary sequences (discussed further in Chapter 5). The N-reflector,
where present, marks the base of the Messinian evaporites sequences associated with
the repeated desiccation of the Mediterranean Sea. In the western Antalya Basin, the
N-reflector images as a bright, continuous event on the seismic record and usually dis-
plays the opposite polarity of the M - reflector. Where present, the N-reflector marks
the important stratigraphic marker which separates Upper Miocene depositional se-

quences from Middle-Lower Miocene sequences.

4.1.2 Seismic units of the western Antalya Basin

Based on their locations relative to the M - and N - reflectors, three distinct seismic
units are identified in the western Antalya Basin (e.g. Fig. 4.2). Unit 1 is defined as
the highly reflective package bounded below by the M-reflector; Unit 2 is the weakly
reflective package confined between the M - and N - reflectors; and Unit 3 includes
all reflectors below Unit 1 and Unit 2. These units and their chrono-stratigraphic

correlations are discussed in further detail in the sections below.
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4.2 Establishing a chrono- and lithostratigraphic
framework for the western Antalya Basin

The chrono- and litho- stratigraphic framework for the seismic units identified
in the western Antalya Basin is established by the onshore - to - offshore seismic
correlation of an industry exploration well (i.e. Manavgat-2 in Fig. 4.3) as well as
direct comparison to the chrono-stratigraphic framework described in the literature

for basins adjacent to the study area.

4.2.1 Manavgat-2 Well

The Manavgat-2 well was drilled to a total depth of 2248 m. It recovered
approximately 204 m of loosely consolidated to unconsolidated claystone with a few
sandstone interbeds. The succession is assigned to the Yenimahalle Formation with a
Pliocene to ?Quaternary age (Fig. 4.3; Turkish Petroleum Corporation, unpublished
data). Below this upper veneer, is an approximately 290 m-thick coarse siliciclas-
tic succession composed of sandstones and shales with several volcanic tuff horizons.
Although the sediments drilled in the Manavgat-2 well did not include any evap-
orites (such as the gypsum, anhydrite and carbonate alternates seen on outcrops,
Deynoux et al., 2005; Ciner et al., 2008), on the basis of biostratigraphic informa-
tion, this succession is correlated with the Upper Miocene Eskikoy Formation. The
Eskikoy Formation is underlain by a 445 m thick siliciclastic succession consisting of
sandstone, siltstone and claystone interbeds (Fig. 4.3). This succession is correlated
with the Upper Miocene (i.e., Tortonian) Karpuz¢ay Formation (Turkish Petroleum
Corporation, unpublished data). Below the Karpuzgay Formation the well recovered

a siliciclastic succession, approximately 298m thick, with several well-defined lime-
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stone beds, which in turn is underlain by a 138 m-thick siliciclastic succession with
limestone interbeds (Fig. 4.3; Turkish Petroleum Corporation, unpublished data).
These two successions are correlated with the Middle Miocene (Burdigalian Serraval-
lian) Geceleme Formation and the Lower Miocene (Aquitanian to Langhian) Cakallar
Formation (Fig. 4.3; Turkish Petroleum Corporation, unpublished data). These sed-
iments are underlain by a 171 m-thick prominent limestone unit, which is well known
in the Antalya Basin and its environs as the Oymapinar Formation (e.g. Ciner et al.,
2008). At the base of the Oymapinar Formation the well recovered an additional 575
m thick siliciclastic succession which shows numerous limestone interbeds, correlated
with the Cakallar Formation. This stratigraphic reversal is interpreted by the Turkish
Petroleum Corporation as evidence that a major Miocene thrust is intercepted by the
Manavgat-2 well. The well further recovered 125 m thick arenitic sandstone with
limestone interbeds. This lower unit is correlated with the predominantly Langhian
Aksu Formation (Turkish Petroleum, unpublished data (Fig. 4.3).

These lithologies can be separated into three distinct chrono-stratigraphic units
which can be correlated to the seismic units seen in the western marine Antalya Basin:
(1) Pliocene-Quaternary siliciclastics; (2) Messinian evaporites with interbedded sili-

ciclastics; and (3) pre-Messinian Miocene siliciclastics and carbonates.

4.2.2 Correlation with seismic data

To facilitate correlation of the onshore stratigraphic units found in the Manavgat-
2 well with the seismic units identified in the marine Antalya Basin, three industry
seismic reflection profiles are used (i.e. A, B and C shown in Fig. 4.1). Depth-to-time
conversion of the well depths is executed using RMS velocities reported in the indus-
try data, allowing an immediate correlation of the exploration well with the onshore

industry seismic reflection profile (i.e. A in Fig. 4.1). Using crossover points of the
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industry profiles, the M- and N- reflectors are correlated across industry profiles in
the northeastern Antalya Basin (i.e. B and C in Fig. 4.1) into the study area. Jump
correlation based on seismic reflection character is used to cover gaps in the continu-
ity of the Messinian sequences. The three chrono-stratigraphic units identified in the
exploration well correlate to the three seismic units identified in the study area: seis-
mic Unit 1 correlates to the Pliocene-Quaternary silicilastic successions; seismic Unit
2 correlates to the Messinian evaporite and interbedded siliciclastic successions: and

seismic Unit 3 correlates to the pre-Messinian Miocene siliciclastics and carbonates.

4.2.3 Correlation with surrounding areas

There is some confusion surrounding the nomenclature of the litho-stratigraphic
Neogene successions of the Antalya Basin and its surrounding area where successions
of the same age have been given varying formation and member names by different
authors. Therefore, the chrono-stratigraphic chart displayed in Figure 4.5 is a best
summary of the pre-existing stratigraphy of the greater Antalya Basin area. What is
reported as the Eskikoy Formation in the Manavgat-2 well (Turkish Petroleum, un-
published data) is also commonly referred to as the siliciclastic Taglik Formation and
its lateral evaporitic equivalent the Gebiz Formation (Akay et al., 1985a,b). Similarly,
the Yenimahalle Formation in the Manavgat-2 well must also contain the stratigraphic
equivalent sediments of the Antalya Tuffa and Alakilise Formations described in the
Aksu, Koprii and Manavgat Basins. The use of Cakallar Formation by the Turkish
Petroleum is actually incorrect, because Cakallar has been since described, instead, as
a member located within the lowermost portion of the Geceleme Formation, immedi-
ately above the Oymapinar Formation (Karabiyikoglu et al., 2000).Further discussion

of regional correlation can be found in §4.3.
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4.3 Chronostratigraphic units of the western
Antalya Basin

Figure 4.2 shows the three seismic units identified in the western Antalya Basin:
Unit 1 - Pliocene Quaternary siliciclastics; Unit 2 - Messinian evaporites; and Unit
3 - pre-Messinian Miocene siliciclastics and carbonates. These units are discussed in
detail below.

Note that there is evidence in the literature that the lower part of Unit 1 may
contain sediments deposited during the latest stage of the Messinian Salinity Crisis,
the LagoMare event (e.g. Cipollari et al., 2013; Cosentino et al., 2013). Although
this thesis proceeds as though the first siliciclasic deposits above the M-reflector are

Pliocene, the reader is cautioned that they may, instead, be of latest Messinian age.

4.3.1 Unit 1: Pliocene-Quaternary siliciclastics

The youngest succession identified in the Antalya Basin is characterized by a
strong reflections, laterally continuous package of high-frequency reflections extending
from the seabed to the M-reflector (e.g. Fig. 4.2). This unit is imaged on all seismic
profiles. Based on well data, this unit is composed of the predominantly siliciclastic
successions correlated with the Yenimahalle Formation of the onland Aksu, Képri
and Manavgat Basins (Figs. 4.3 and 4.5). In a more regional context, this unit is
further correlated with: Kuransa and Handere Formations of the Adana and Cilicia
Basins; the Anthalassa and Nokosia Formation of the Mesaoria Basin; and the Mirtou
Formation of the Kyrenia Mountains in Northern Cyprus.

The thickness of the Pliocene-Quaternary package varies across the study area

(Fig. 4.6). In general, Unit 1 is thinnest along the continental shelf and slope and
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thickest toward the basin. The thickest package of Pliocene-Quaternary sediments
in the study area is found along the broadly NW-SE-trending axis of the bathymet-
ric channel in the western Antalya Basin. There is also a thick package of Unit 1

sediments in the shallower northern continental shelf area.

4.3.2 Unit 2: late-Miocene, Messinian evaporites

Visible on many, but not all, seismic profiles from the study area, is a unit
characterized by a weakly reflective package displaying complex internal architecture
with often discontinuous and chaotic reflections that is bounded above by the M-
reflector and below by the N-reflector (e.g. Fig. 4.2). Reflections in with this unit
have, in general, lower frequencies than the overlying Pliocene-Quaternary successions.
Based on correlations with the Manavgat-2 well and the existing work onland (Akay
et. al., 1985; Karabiyikoglu et. al., 2000), this unit is inferred to be composed mainly
of halite, with alternating smaller layers of anhydrite and limestone, deposited in the
Late-Miocene (Messinian). Unit 2 is correlated with the siliciclastic successions which
show interbeds of anhydite, gypsum (and/or gypsiferous siliciclastics) and calcareous
sediments of the Taglik and Gebiz formations described in the onland Aksu, Koprii
and Manavgat Basins (Akay et. al., 1985; Karabiyikoglu et. al., 2000). In a regional
context, this unit is further correlated with the Adana Group of the Adana and Cilicia
Basins; the Kalavasos Formation of the Mesaoria Basin; and the Lapatza Formation
of the Kyrenia Mountains (i.e. Fig. 4.5).

Outside of a small southern region of the study area (discussed in detail in
Chapter 5), the presence of Messinian evaporites in the study area is sporadic. Where
Unit 2 can be identified on one profile, it often appears to be completely absent

on an adjacent profile. This makes mapping the Messinian sequences across the
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Figure 4.6: The thickness of the Pliocene-Quaternary successions offshore is varied across
the study area. In general, Unit 1 is thickest toward the basin and thinnest
along the continental shelf and slope. The axis of the bathymetric channel in
the western Antalya Basin is shown as a dotted line. Time thicknesses were
calculated from the MUN seismic data shown in Fig. 4.1. NB: The coastline,
outlined in black, does not represent the true zero-thickness contour.
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western Antalya Basin very difficult and does not provide for insight on the thickness

variability of Unit 2 throughout the study area.

4.3.3 Unit 3: pre-Messinian Miocene siliciclastics and

carbonates

Unit 3 comprises of the oldest succession(s) imaged in the Antalya Basin. In most
of the study area, i.e. the eastern and central areas of the study area, seismic reflec-
tion profiles show this unit is predominantly characterized by of a series of strongly
reverberatory, high reflective, low amplitude reflections with significant lateral con-
tinuity (e.g. Fig. 4.2), juxtaposed with regions of intense deformation where lateral
continuity is moderate, at best. Based on correlation with well data, this unit is in-
ferred to be composed of siliciclastic and carbonate successions of the pre-Messinian
Miocene age or older. There are several marker reflectors within Unit 3, but the
sparse line spacing of industry seismic data combined with the lower penetration of
the MUN seismic data prevents the regional mapping of these markers. However, the
existing well data show that the uppermost layer of this unit is correlated with the
Upper Miocene Tortonian Karpuzgay Formation while deeper layers of this unit are
correlated with the Middle Miocene Geceleme, Oymapinar and Aksu Formations of
the onland Aksu, Koprii and Manavgat Basins (Figs. 4.3, 4.4 and 4.5). In a regional
sense, this unit is further correlated with: the Pakhna Formation (including the Ko-
ronia, Terra members) of the Mesasoria Basin; the Kythrea Group of the Kyrenia
Mountains in Northern Cyprus (Bagnall, 1960; Follows and Robertson, 1990); and
also the Elekdag, Kasaba and Sinekli formations of the Kasaba Basin (Senel, 1997;
Senel and Boliikbagi, 1997; Fig. 4.5).

In the westernmost region of the study area on the continental slope/shelf,

east of the Beydaglar1 and Antalya ophiolitic complexes, Unit 3 is characterized by a
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Figure 4.7: A seismic reflection profile from the westernmost Antalya Basin showing that
Unit 3 in this region displays reverberatory and low-amplitude reflections which
lack any significant lateral continuity.
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reverberatory, low-amplitude package showing chaotic reflections without significant
lateral continuity (e.g. Fig. 4.7). The chaotic nature of the unit with little coherent
reflections is seen in both the industry and MUN seismic reflection profiles that are
acquired both parallel and roughly orthogonal to the slope. There is no well data
in the region to provide insight on the lithologies imaged in the western Antalya
Basin, so their compositions are inferred based on the chaotic acoustic character of
the unit in the region. It is speculated that the rocks that constitute the cores of the
Beydaglar1 and Antalya ophiolitic complexes extend into the western fringes of the
marine Antalya Basin and that Unit 3 in this area includes the pre-Eocene basement
rocks, including the Mesozoic shallow-water carbonates that form the core of the
Beydaglar1 and the Mesozoic ophiolitic and sedimentary successions of the Antalya
Complex (e.g. Waldon, 1984).

The upper boundary of the pre-Messinian Miocene package is either the M-
or N- reflector depending on the presence or absence, respectively, of the Messinian
evaporite sequence in the area. The lower boundary of this unit is never clearly
imaged in any of the seismic profiles studied for this thesis. This is likely due to
decreasing resolution with depth or because the lower boundary is located deeper in
the Earth than the seismic profiles have recorded. Lack of a lower boundary prevents

any comment on the thickness evolution of Unit 3 throughout the study area.
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Chapter 5

Structural geology of the western

Antalya Basin

In the previous chapter, the chronostratigraphic framework for the western
Antalya Basin was established through the correlation of seismic units identified in
the study area with the lithology and chronostratigraphy recovered in an onshore
industry exploration well. Further correlation with the literature firmly established
that three distinct chronostratigraphic units, separated by the M- and N- reflectors,
are present in the western Antalya Basin. Unit 1 houses the youngest sedimentary
sequences in the study area. It is bounded at its base by the M-reflector and contains
Pliocene-Quaternary siliciclastic rocks. Unit 2 and Unit 3 are found below the M-
reflector. Unit 2 is not found consistently in the study area, but when present it is
sandwiched between the M- and N-reflectors. This unit is composed of siliciclastic
and carbonate successions interbedded with evaporites arising from the cyclical near-
desiccation of the eastern Mediterranean during the Messinian. The oldest rocks in

the study area are found in Unit 3. This unit has no identifiable base within the
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seismic reflection profiles in this study, but it is bounded above by the M-reflector,
or the N-reflector where Unit 2 is present. Unit 3 contains both siliciclastic and
carbonate successions from the pre-Messinian Miocene. Establishing this time frame
for the observed seismic units is the essential first step toward deciphering the complex
structural history of the study area. Approximate subsurface depths can be calculated
using the following interval velocities: Unit 1 - 2000 m/s; Unit 2 - 4200m/s; and Unit
3 - 3000-3500m/s.

In this chapter, the structural architecture of the study area is investigated using
seismic reflection profiles processed by the author as well as archived profiles from
the Eastern Mediterranean Research Group and from industry (Fig. 5.2). Mapping
prominent features across various profiles in the study area revealed that strain in this
region is partitioned both temporally and spatially. The structural architecture of the
western Antalya basin can best be described under the same three time intervals that
defined the chronostragraphy described in Chapter 4: (1) pre-Messinian Miocene; (2)
Messinian; and (3) Pliocene-Quaternary. Each of these time intervals is recorded in
data across the entire western Antalya Basin, east of the onshore Beydaglar1 and
Antalya Complexes. Within the pre-Messinian Miocene and the Pliocene-Quaternary
intervals, there is further division into a number of spatial domains. These three
time intervals and their spatial domains, when present, are discussed in detail below.
Note that halokinetic structures, despite being the product of the motion of the Unit
2 Messinian evaporite sequences, are generally described (where present) within the
Pliocene-Quaternary domains since the loading of these sediments is what initiated
their displacement. Interested readers can find uninterpreted profiles for the sections
processed by the author in the Plates section of this manuscript (available profiles

are noted in figure captions).
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5.1 Interval 1: pre-Messinian Miocene

Interval 1 is characterized by structures developed during the pre-Messinian
Miocene and is associated with a period of protracted contractional deformation (Fig.
5.1). The locations of the profiles used for illustration purpose while describing this
interval are shown in Fig. 5.2. On the basis of the predominant morphotectonic
elements and their trends and, to a lesser extent, their deformational style, the pre-
Messinian Miocene interval can be further subdivided into three spatial domains: in
the east, an domain of arcuate mainly NW-SE- trending structures (1A); in the west,
a domain of primarily N-S- trending structures (1B); and, in the south and central
region, an arrowhead-shaped domain (1C) sandwiched between domains 1A and 1B.

Faults are interpreted as thrust faults based mainly on associated minor struc-
tures such as hangingwall antiforms and footwall synforms (e.g. highlighted yellow
reflections in the pre-Messinian Miocene sequences in Figs. 5.3 and 5.4). Trajectories
are interpreted to be listric based on the thrust surface seen in Figure 5.3. At depth,
this surface becomes sub-horizontal; thus, this cannot be simply a velocity artifact.
Further, within the pre-Messinian Miocene package, the velocity might increase by
1000 m/s over approximately three seconds, leading to an increase in apparent gradi-
ent from 1 in 4 to 1 in 3 deeper in the section. Observed gradient changes are much
larger than this (e.g Figs. 5.3 and 5.4), suggesting velocity increase with depth is only

a minor contributor to apparent listricitiy.

5.1.1 Domain 1A: Arcuate contractional structures

Domain 1A is a NW-SE- trending zone occupying the shallow continental shelf and
slope in the easternmost region of the study area (Figs. 5.2 and 5.1). It is characterized

by an arcuate SW- and SSW- verging, NW-SE- and N-S- trending fold-thrust belt
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composed of 9-12 prominent thrust panels extending from the central Antalya Basin
toward the present-day coastline (i.e. thrusts Teoa - Ty, in Fig. 5.1). Traced toward
the northwest, these thrusts progressively swing clockwise to assume a broadly N-S
orientation in the northern segment of the domain. These are immediately south of,
and collinear with, the prominent thrust panels mapped onland that are associated
with the southeastern structures of the Isparta Angle (Poisson et al., 2003).

The fold-thrust belt which characterizes this domain is best imaged in the industry
seismic reflection profiles (e.g. Figs. 5.3 and 5.4). Within Domain 1A, the M-reflector
is a very distinctive marker defining a prominent erosional unconformity which sepa-
rates the Pliocene-Quaternary sediments from the underlying pre-Messinian Miocene
successions. In this area, the gently N-dipping pre-Messinian Miocene sediments are
clearly truncated by erosion at the M-reflector. The leading thrust of the belt, and
the bounding thrust of the sub-domain, is located at the base of the continental slope
in the east-central section of the study area (i.e. the T¢(4 thrust in Fig. 5.1, 5.3, 5.4,
5.5, 5.6). The footwall and hangingwall cutoffs of this fault are clearly visible in the
industry seismic reflection profiles. The thrust trajectory can be traced from close to
the seabed to at least 5000 ms depth, defining a prominent listric surface (e.g. Figs.
5.3 and 5.4). At depth, this surface defines a 200-300 ms thick sub-horizontal reflector
bundle that gently dips northward; based on the interpreted fault trajectory observed
in Figure 5.3, this surface likely soles at a depth greater than 6000 ms. Thrust tra-
jectories can also be traced on non-industry profiles, however, the actual surfaces are
highly interpretive and are largely delineated by the geometries of the adjacent sed-
imentary layers (e.g. Figs. 5.5 and 5.6). An approximation using a time depth of
6000 ms (as estimated from the industry profiles) and sediment velocitiy of 3500 m/s
in Unit 3, finds the corresponding maximum depth of this surface to be over 10km,

suggesting that this pre-Messinian Miocene fold-thrust belt defines a crustal-scale
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Figure 5.3 Industry multi-channel seismic reflection profile showing the Miocene structural architecture of the western Antalya Basin. Note that the M-reflector is a prominent erosional unconformity separating the Pliocene-
Quaternary successions of Unit 1 from the pre-Messinian Miocene successions of Unit 3. Further note that the leading thrust of the fold thrust belt delineates the base of the slope in the western Antalya Basin and that the slope
face is the forelimb of a huge thrust culmination. Geometries of sedimentary layers are highlighted in yellow. Profile is kindly provided by the Turkish Petroleum Corporation. Location is shown in Figure 5.1.
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Figure 5.4 Industry multi-channel seismic reflection profile showing the Miocene structural architecture of the western Antalya Basin Domain 1A. Note that the M-reflector is a prominent erosional
unconformity separating the Pliocene-Quaternary successions of Unit 1 from the pre-Messinian Miocene successions of Unit 3. Also note the Pliocene-Quaternary reactivation of Miocene thrusts on
the western section of the profile (Domain 1B). Geometries of sedimentary layers are highlighted in yellow. Profile is kindly provided by the Turkish Petroleum Corporation. Location of profile shown in
Figure 5.1.
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feature in front of the western Tauride Mountains of south-central Turkey (further
discussed in Chapter 6).

There are generally no growth strata imaged in the pre-Messinian Miocene piggy-
back basins in this thrust belt, although there are occasional minor exceptions to this
(e.g. Figs. 5.3 and 5.4). However, there is a prominent angular unconformity at the M-
reflector between the dipping pre-Messinian Miocene sediments immediately behind
a thrust and relative undeformed overlying Pliocene-Quaternary sediments (e.g. Fig.
5.5). This, coupled with the widely accepted notion that the late Miocene (Messinian)
was a period of tectonic quiescence in the eastern Mediterranean region, affirms that
the thrusting must have begun at least in the latest pre-Messinian Miocene and any

growth strata therein may have eroded away during the formation of the M-reflector.

5.1.2 Domain 1B: Poorly-imaged contractional zone

Domain 1B is situated across the continental shelf and slope of the westernmost
area of the Antalya Basin. It is characterized by a broadly N-S-trending W-verging
fold-thrust belt bounded to the east by the thrust T (ie. Fig. 5.1; e.g. Figs.
5.7, 5.8, 5.9 and 5.10). A series of NW-SE trending high-resolution seismic reflection
profiles suggest that the belt consists of two to three thrust panels which are poorly

imaged in this region (i.e. dashed thrusts 75, and T, in Figs. 5.2 and 5.11).
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Figure 5.6: High resolution multichannel seismic reflection profile showing the detailed
structural architecture of Domain 1A. Note that the M-reflector defined a major
erosional unconformity across the shelf region of the Antalya Basin and that the
Messinian evaporites of Unit 2 are absent in the area. Note the highlghted sed-
imentary layers (yellow) whose geometries help define the thrust surface. Note
that these surfaces are highly interpretive at depth. Seabed multiple highlighed
in dotted red. Location shown in Figure 5.2. The angular scale was calculated
at seismic water velocity (1500 m/s) and is not valid at depth.
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In the northernmost portion of the sub-domain, the belt is well-imaged. Im-
mediately west of thrust T’sc, the seismic architecture of the pre-Messinian Miocene
suggests the presence of another west-verging thrust (i.e. Tp, in Fig. 5.9). This
thrust has a well-developed ramp anticline delineated in the pre-Messinian Miocene
successions as well as by the M-reflector. Tz, appears to cut the M-reflector and tip
within the overlying Pliocene-Quaternary successions (e.g. Fig. 5.7). This thrust soles
deeply into the pre-Messinian Miocene successions and appears to link with the major
thrust, Tgc. Immediately west of this thrust, the seismic architecture of the Miocene
successions suggests the presence of another W-verging thrust (i.e. T, in Figs. 5.1,
5.8 and 5.9), however this is not well imaged in the seismic reflection profiles.

Further southward, the structural architecture becomes progressively more com-
plicated as structures become buried beneath the steep continental slope. However,
the structural elements observed in the northernmost portion of the sub-domain can
still be mapped using secondary structures and the thrust T as a guide. For ex-
ample, two small, but notable ramp anticlines at the base of the continental slope are
interpreted to have west-verging thrusts bounding their western margins (i.e. T, and
Tp, in Figs. 5.1 and 5.9). Unfortunately, in this area, the two ramp anticlines appear
to have been overprinted by high-frequency reflections possibly arising from nearby
out-of-plane geology. Even further south, disconnected and sporadic lower frequency
reflector bundles give only hints of possible structure elements (e.g. Fig. 5.12). This
region is also dissected by high-angle E-dipping normal faults with possible strike-
slip components, surmised to be Pliocene-Quaternary in age (discussed in detail in
Sub-Domain 3B below). It is, therefore, speculated that the N-S-trending fold-thrust

belt mapped in the northern and central portion of the western Antalya Basin also

continues south along the similarly-trending continental margin in this area. Because
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Figure 5.7: High resolution multichannel seismic reflection profile showing the detailed
structural architecture of Domains 1B and 1C in the northernmost segment
of the western Analyta Basin. Note that 2-3 large N-S-trending, W-verging
thrusts define the core of Domain B in the Miocene successions of Unit 3. Note
that the M-reflector defined a major erosional unconformity across the shelf re-
gion of the Antalya Basin and that the Messinian evaporites of Unit 2 are absent
in the area. Location shown in Figure 5.2. The angular scale was calculated
at seismic water velocity (1500 m/s) and is not valid at depth. Uninterpreted
seismic profile can be found in Plate 5, Fixes 144 - 125.
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Figure 5.8:

High resolution multichannel seismic reflection profile showing the detailed
structural architecture of Domains 1B and 1C in the northern segment of the
western Analyta Basin. Note the steep slope which defines the western margin
of Antalya Basin, which is covered by a thin veneer of Pliocene-Quaternary de-
posits above the M-reflector. Also note that several west-verging thrusts control
the deeper structural framework of the margin in the Miocene successions of
Unit 3. Location shown in Figure 5.2. The angular scale was calculated at seis-
mic water velocity (1500 m/s) and is not valid at depth. Uninterpreted seismic
profile can be found in Plate 7, Fixes 125 - 172.
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Figure 5.9: High resolution multichannel seismic reflection profile showing the detailed
structural architecture of Domain 1B. Note the steep slope which defines the
western margin of Antalya Basin, which is covered by a thin veneer of Pliocene-
Quaternary deposits above the M-reflector. A west-verging thrust system is
poorly imaged beneath the M-reflector. Location shown in Figure 5.2. The an-
gular scale was calculated at seismic water velocity (1500 m/s) and is not valid
at depth. Uninterpreted seismic profile can be found in Plate 9, Fixes 211 - 200.
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Figure 5.10: High resolution multichannel seismic reflection profile showing the detailed
structural architecture of Domains 1B and 1C. Note the steep slope which
defines the western margin of Antalya Basin, which is covered by a thin ve-
neer of Pliocene-Quaternary deposits above the M-reflector. Also note the
Messinian evaporites of Unit 2 are only present in the deeper Antalya Basin,
forming halokinetic structures (discussed later). The west-verging thrust sys-
tem of Domain 1B is not well imaged in this profile, possibly because the
thrusts became reactivated as normal faults with strike-slip components in the
Pliocene-Quaternary (discussed later). Location shown in Figure 5.2. The an-
gular scale was calculated at seismic water velocity (1500 m/s) and is not valid
at depth. Uninterpreted seismic profile can be found in Plate 11, Fixes 220 -
242.
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of imaging difficulties, we only tentatively correlate thrusts T, and T, across the

sub-domain.

5.1.3 Domain 1C: Transitional zone

Domain 1C occupies the narrow bathymetric channel in the northwestern Antalya
Basin and widens considerably toward the abyssal plain in the south (Fig. 5.1). This
domain can be considered a transitional zone sandwiched between Domain 1A in
the east and Domain 1B in the west. The structural architecture of Domain 1C is
characterized by two broadly W-verging, NS-trending thrust panels (i.e. thrusts Tz
and T, in Figure 5.1), one similarly trending, but E-verging backthrust (i.e. thrust
T¢, in Figure 5.1), and three prominent ridges (i.e. ridges R¢,, Re,, and Re, in Figure
5.1).

The western boundary of Sub-Domain 1C is marked by the thrust Tz (Figs.
5.1; e.g. Fig. 5.7 and 5.8 and 5.10). A prominent ramp anticline is developed on
the hanging wall of Tpc which is readily mappable along the western margin (R,
in Figs. 5.1, 5.7 and 5.8). Thrust T appears to impact the M-reflector as well
as (possibly) the overlying Pliocene-Quaternary sediments (e.g. Figs. 5.7 and 5.8)
suggesting the activity of this thrust might have either continued into, or have been
reactivated during, this time period (discussed further below).

East of thrust Tsc and ridge I;, there is another distinctive ridge which affects
the pre-Messinian Miocene sediments as well as the M-reflector (i.e. ridge R, in Figs.
5.1, 5.7 and 5.8). In the north, the seabed immediately above the ridge shows a
marked dip (with no erosional artifacts which would indicate a submarine channel)
suggesting that there might be lateral movement along this ridge (e.g. Fig. 5.8). It
is speculated this may be related to salt trapped in this area which, due to imaging

difficulties, could not be correlated across profiles.
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Immediately east of Ry, there is another prominent ridge (i.e. R3 in Figs. 5.1,
5.7 and 5.8). The R3 ridge appears to be a ramp anticline of a backthrust (i.e. T¢'
in Figs. 5.1, 5.7 and 5.8). Using R3 as a guide, this backthrust is mapped across
the domain to show a broadly arcuate NW-SE-trend reminiscent of the thrust belt
mapped in Domain 1A. Note that this backthrust interpretation is speculative and
it is possible, instead, that the displacement seen between Domain 1A and 1C is the
result of a normal fault.

Southward, two thrusts are mapped which are tentatively assigned to the pre-
Messinian Miocene interval (i.e. T¢, and T¢,). Due to imaging issues, no marker
reflectors in the pre-Messinian Miocene sediments could be traced. These thrusts
were identified based on large offsets in the M-reflector as well as the visible impact
on the seabed. The T, thrust appears to carry the T¢' backthrust discussed above,
but cannot be confidently mapped as far northward due to complex deformation in
the region. However, there is some evidence that T, is present northward (e.g. Figs.
5.7 and 5.8). The T, and T, are clearly active during the Pliocene-Quaternary and
are discussed in detail in Domain 3C below.

It is here, in the south-central region of the domain that there appears to
be a junction where morphotectonic style changes from the arcuate NW-SE-trending
architecture of Domain 1A to the broadly N-S-trending architecture of Domain 1B.
A similar region is also identified within the Pliocene-Quaternary domains (discussed
below). It is inferred that this may be evidence of an important crustal-scale structure

in the region related to the evolving Isparta Angle (further discussed in Chapter 6).
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5.2 Interval 2: late-Messinian, Miocene

The Messinian was a period of significant changes in the eastern Mediter-
ranean Sea, both in tectonic style as well as the morphology of the basins and their
surrounding landmass. From the late Tortonian into the Messinian, the progressive
evaporation of the western extension of the Tethys Ocean exposed the continental
shelves and slopes to subaerial processes. Consequently, during the Messinian, the
entire Antalya Basin became a deep, exposed basin with very shallow water in its
deepest parts. Periodic innundation throughout the Messinian resulted in the sedi-
mentation of approximately 2 km of evaporite successions within the deeper portion of
the erosional basin. First-order calculations suggest that between 70 and 75 volumes
of the present-day Mediterranean Sea would be needed for the deposition of these
thick evaporite sequences (Igler et al., 2005).

Due to a lack of coherent reflectors within the Messinian sedimentary se-
quence, it is not possible to say if there was active tectonism in the region during
this time. Furthermore, tip points of the pre-Messinian Miocene thrusts occur at
varying points below, at, or above the M-reflector; in fact, in many places the M-
reflector is greatly offset by these thrusts (discussed further below). The Messinian
was possibly a period of tectonic quiescence, but it is speculated that thrusting from
the pre-Messinian Miocene may have continued, to some extent, during this time and
then well into the Pliocene-Quaternary. Because of the halokinetic activity during
the Pliocene-Quaternary, the migration of Messinian evaporites as well as the subse-
quent deformation of overlying Pliocene-Quaternary sediments is dicussed in the next

section (Domain 3C).
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5.3 Interval 3: Pliocene-Quaternary

The Pliocene-Quaternary structures in the Antalya Basin are largely overprinted
on the older Miocene structures; some of these younger structures appear to have
developed completely independently of the older structures, yet others have clearly
evolved by the re-activation or continued activity of older structures (see Figs. 5.1
and 5.11). There are three spatial domains which each display a distinctive set of
characteristics including style and depth of deformation as well as structural trend:
in the east, an arcuate mainly NW-SE- trending sub-domain which is characterized
by a broadly arcuate superficial extensional fault system which, on its more westerly
margin, also contains a couple of re-activated pre-Messinian thrusts (3A); in the west,
a broadly N-S- trending sub-domain which appears to be controlled by a deeply-rooted
extensional fault system (3B); in the central region, a complex, arrowhead-shaped sub-
domain displaying both extensional and contractional features as well as halokinetic
activity (3C). These domains have similar locations to the three zones described in
Interval 1, and the correspondence is likely not fortuitous. Locations of profiles used

in figures are shown in Fig. 5.12.

5.3.1 Domain 3A: Arcuate superficial extensional fault zone

with reactivated (?) Miocene thrusts

The structural architecture of Domain 3A is characterized by an arcuate belt of
superficial extensional faults which has a predominantly NW-SE trend in the south,
but progressively swings clockwise to assume a N-S trend in the north (Fig. 5.11).
This morpho-tectonic character appears to loosely overprint the pre-existing com-

pressional structures of the pre-Messinian Miocene Domain 1A while displaying a
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completely different deformational style (e.g. Figs. 5.1 and 5.11). There is also ev-
idence of re-activated pre-Messinian Miocene thrusts along the westernmost margin
of the sub-domain (discussed in detail below).

In the southern region of 3A, numerous NW-SE-trending and NE-SW-dipping
extensional faults define a series of horst and graben structures (e.g. Fig. 5.13). Most
of these faults cut the entire Pliocene-Quaternary successions, extending to the depo-
sitional surface where they create distinctive steps on the seafloor. Marker reflectors
across the footwalls and hanging walls of the extensional faults show very little (if any)
sedimentary growth across these faults. This suggests the faulting is quite recent and
must post-date the development of the most of the Pliocene-Quaternary successions.
Because of the morphology of the M-reflector and the concordance of the overlying
successions, formation of these horst and graben structures is speculated to have been
initiated by the reactivation of several pre-Messinian Miocene thrusts in the region
(e.g. T, and Ty, in Figs. 5.11 and 5.14).

In the central portion of Domain 3A, the base of slope becomes a prominent surface
rising from the Antalya abyssal plain; Pliocene-Quaternary sediments resting on the
continental slope are cut by a series of 4-5 NW-SE-trending, SW-dipping extensional
faults (e.g. Figs. 5.13, 5.14, and 5.15). These faults extend from the seabed onto
the M-reflector and create steps on the seafloor. Landward of this frontal margin, the
morphology of the domain is very similar to that described to the south. This region
is characterized by numerous well-developed horst and graben structures bounded on
their sides by steep, planar extensional faults which tip at or near the seabed and
create steps on the seafloor (e.g. Fig. 5.15). Some of these faults show growth within
the Pliocene-Quaternary sediments (e.g. Fig. 5.15).

The northern portion of Domain 3A is characterized by numerous broadly

N-S-trending, E- and W- dipping high-angle extensional faults (e.g. Figs. 5.16 and
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Figure 5.14: High-resolution multichannel seismic reflection profile showing the detailed
structural architecture of Domain 3A. Note the extensional faults bounding
the horst and graben structures create notable corrugation on the seafloor.
Location is shown in Figure 5.12. The angular scale was calculated at seis-
mic water velocity (1500 m/s) and is not valid at depth. Seabed multiple is
highlighted in dotted red.
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5.17). The horst and graben structures which are predominantly imaged in the south
become progressively less defined toward the north. High-angle extensional faults
extend almost to the seabed but do not appear to cut the M-reflector (e.g. Figs. 5.16,
5.17). The continental slope is steep and is similarly cut by numerous steep superficial
faults which form bathymetric steps on the seafloor (e.g. Figs. 5.16 and 5.17).

The general structural architecture described above suggests that, in this region,
the pervasive fold-thrust activity predominant in the pre-Messinian Miocene largely
ceased during the Messinian and then, in the Pliocene-Quaternary, a completely dif-
ferent deformational style, resulting in basin-wide extensional faulting, commenced.
The fact that these extensional faults do not appear to cut the M-reflector suggests
that they are a superficial response in a rheologically distinct Pliocene-Quaternary
cover to minor recurring deformation in the basement. There is some evidence of
continued (or re-activated) thrusting during this time, at least into the lowermost
portion of the Pliocene-Quaternary and along the western margin of the domain (e.g.

Figs. 5.11 and 5.15).

5.3.2 Domain 3B: Deep-rooted extensional fault zone

Domain 3B is situated in the westernmost region of the study area (Fig. 5.11)
and occupies the shelf and slope of the western Antalya Basin. This sub-domain is
characterized by 5 major NE-SW and NNE-SSW- trending, high-angle normal faults
(e.g. Ey - E5 in Fig. 5.11). Even though line spacing was relatively tight (approx-
imately 4-5 km), correlating these faults was not easy. The combination of a steep
continental slope (with numerous large slide and slump masses, see Fig. 5.18) and
a shallow seabed in this region render poorer temporal and lateral resolution of seis-
mic markers below the M-reflector than in other regions in the study area. It has

also been speculated that in at least some of this region, the poor reflectivity below
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Figure 5.16: High-resolution multichannel seismic reflection profile showing the detailed
structural architecture of the more northern region of Domain 3A. Note the
steep SW margin of Domain 3A, where several steeply dipping extensional
faults create distinct steps of the seafloor. Location is shown in Figure 5.12.
The angular scale was calculated at seismic water velocity (1500 m/s) and is
not valid at depth. Seabed multiple is highlighted in dotted red.
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the M-reflector is attributed to the presence of limestones or igneous basement rock.
Locations of the high-angle extensional faults can still be delineated, however, using
features such as present-day seabed, M-reflector morphology (e.g. Figs. 5.18, 5.19,
and 5.20) as well as interpreting tie-lines connecting the NW-SE-trending profiles.

The eastern boundary of Domain 3B is delineated by the reactivated Miocene
T'pjc thrust (see Fig. 5.11). Fault F; marks the first extensional fault in a series five
NE-SW-trending, SW-dipping deeply-rooted extensional faults which dominate the
domain. The northenmost extensional faults (i.e. £, and F5 in Figs. 5.11, 5.18, 5.19)
assume a slightly more N-S orientation than those southward in the region (i.e. Ep,,
Egp, and FEg, in Figs. 5.11, 5.20). This appears to correlate with the present-day
shoreline and shelf edge.

In the more northerly region of the domain, the shelf edge is well defined
and is marked by a prominent broadly NNE-SSW- trending and SSE-dipping normal
fault which clearly offsets the depositional surface and creates a distinctive step on
the seafloor (e.g. E5 in Fig. 5.18). The slope face in this area is marked by several
large lenticular units, bounded at their upslope ends by numerous superficial listric
detachment surfaces that rest over the steeply (10° — 15°) SE-dipping M-reflector
(e.g. Fig. 5.18). These shallow structures are very similar in morphology and internal
seismic architecture to the submarine slide and slump masses described elsewhere (e.g.
Hiscott and Aksu, 1994).

Further southward, the domain is noticeably broader and the deeply-rooted ex-
tensional fault system appears to swing slightly counter-clockwise to assume a more
NE-SW orientation aligning with the coastline in the area (e.g. Ej-FEj3 in Figs. 5.11,
5.20). Of further note in this region of the sub-domain, a number of surficial exten-
sional faults are readily mappable across the seismic reflection profiles. The strike

of these surficial faults appear to be consistent with the strike of the deeply-rooted
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Figure 5.18: High-resolution multichannel seismic reflection profile showing the detailed
structural architecture of the northernmost portion of Domain 3B. Note the
high-angle normal faults that define the morphology of the shelf-edge. Loca-
tion is shown in Figure 5.12. The angular scale was calculated at seismic water
velocity (1500 m/s) and is not valid at depth. Uninterpreted seismic profile
can be found in Plate 9, Fixes 211-202.
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Figure 5.19: High-resolution multichannel seismic reflection profile showing the detailed
structural architecture of the northernmost portion of Domains 3B and 3C.
Note the high-angle normal faults that define the morphology of the shelf-edge.
Also note the shallow-rooted normal faults within the Pliocene-Quaternary suc-
cessions of Domain 3C, as well as the reactivated Miocene thrust. Location is
shown in Figure 5.12. The angular scale was calculated at seismic water veloc-
ity (1500 m/s) and is not valid at depth. Uninterpreted seismic profile can be
found in Plate 11, Fixes 220-242.
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Figure 5.20: High-resolution multichannel seismic reflection profile showing the detailed
structural architecture of Domains 3B and 3C. Note the high-angle faults which
define the morphology of the slope. Also note the shallow-rooted extensional
faults within the Pliocene Quaternary sediments and the listric extensional
fault, L, that bounds the salt-controlled basin in the south. Location is shown
in Figure 5.12. The angular scale was calculated at seismic water velocity (1500
m/s) and is not valid at depth. Uninterpreted seismic profile can be found in
Plate 15, Fixes 292 - 319.
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extensional faults (Fig. 5.11); this suggests that one of the triggering mechanisms
may be the development of the high-angle faulting along the western margin of the

study area (discussed in Chapter 6).

5.3.3 Domain 3C: Halokinetic and transitional zone

Domain 3C is a roughly arrowhead-shaped zone situated between the arcuate
thrusts and superficial extensional faults of Domain 3A in the east and the NE-SW-
trending high-angle extensional faults of the Domain 3B in the west (Fig. 5.11). This
region exhibits complex structures involving re-activation of pre-Messinian Miocene
thrusts, displacement of Messinian evaporites and the development of prominent fans
of superficial extensional faults. These complex and diverse structures form an in-
ternally coherent spatial framework with extensional and contractional structures de-
veloping in association with one another and having similar orientations and trends
(implications of which is discussed in Chapter 6).

In the south, the domain is characterized by large, deep Pliocene-Quaternary basin
bounded to the north by a south-dipping north-convex, arcuate listric extensional fault
L (e.g. Fig. 5.11, 5.20, 5.21, 5.22). L appears to cut the M-reflector; it extends from
the seafloor, where it creates an inflection on the seabed, and follows a listric trajectory
into the pre-Messinian Miocene successions (e.g. Fig. 5.20, 5.21, 5.22). Exactly where
below the M-reflector this fault terminates is not clear from the seismic profiles, but
it is possible that it soles into the evaporite sequences. A large, roll-over anticline is
located on the hanging wall of fault L (e.g. Figs. 5.20, 5.21, 5.22); this could have
formed as a result of salt expulsion. Spectacular minibasins and detachment surfaces
in the Pliocene-Quaternary sediments are formed by the displacement of the Messinian
evaporites described in Chapter 4 and in Section 5.2. Growth strata in the Pliocene-

Quaternary sediments confirm that the migration of salt continued throughout the
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Figure. 5.22 High-resolution multichannel seismic reflection profile showing the detailed structural architecture of Domain 3C. The arcuate listric fault, $L$, bounds
the northern edge of the deep Pliocene-Quaternary salt-controlled basin and appears to sole somewhere below the M-reflector, possibly into the evaporite
sequences. A large rollover anticline has formed on its hangingwall; this could be largely driven by salt expulsion. Displacement of the Messinian evaporites has
formed various detachment surfaces and superficial extensional faults within the Pliocene-Quaternary sediments. Further northward, large offset of the M-reflector
and the growth in the Pliocene-Quaternary sediments indicate thrusts T, and T, are active during this time. Bright reflectivity characteristic of the N-reflector is
imaged here, thus the presence of Messinian evaporites in the region is likely. Location is shown in Figure 5.12. The angular scale was calculated at seismic water
velocity (1500 m/s) and is not valid at depth. Uninterpreted seismic profile can be found in Plate 1, Fixes 1 - 43)
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entirety of the interval (e.g. Figs. 5.21 and 5.22). Note that although comment on
the geometric trajectory of a fault is tedious in a time section, it is reasonable to
argue that L is indeed a listric fault, as a rollover anticline would not be expected
adjacent to a planar fault. The edge of salt is mapped in thick green on Figure 5.11
and it should be noted that very few extensional structures are mapped within this
sub-domain south of this marker. Poor correlation between faults in this region is due,
largely, to the complexity of the superficial faulting and detachment surfaces here.

Immediately north of this salt-controlled basin, there are two active thrusts (i.e.
Te, and T, in Fig. 5.11); discussed briefly in Domain 1C. Growth strata within the
Pliocene-Quaternary sequences and large offsets in the M-reflector are evidence that
these thrusts were indeed active during the Pliocene-Quaternary (e.g. Fig. 5.22).
In fact, inflections on the seabed and growth strata within the youngest Pliocene-
Quaternary sequences suggest that these thrusts are active at present. Figure 5.22
also shows reflectivity below the M-reflector characteristic of the N-reflector, hinting
that Messinian evaporites may be present here. Unfortunately, due to complex geology
in this area, it was not possible to correlate the (possible) salt diapirs across seismic
reflection profiles. There is evidence of reactivation of several other Miocene thrusts
as well including the pervasive domain-bounding T’z thrust (e.g. Figs. 5.11, 5.19).
The remainder of the central region of this sub-domain is dominated by by a series
of superficial NE-SW- trending extensional faults (e.g. Figs. 5.11, 5.19, 5.20). The
orientation of these faults appears to mirror that of the surficial extensional faults of
Domain 3B.

Northward, the domain becomes a narrow belt extending toward the present-day
shoreline along northwestern Antalya Bay (Fig. 5.11). Two prominent, broadly N-S
trending, ridges also emerge in this region (i.e. R; and Ry in Fig. 5.11). The R

ridge is especially interesting because it appears to change character from south to
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Figure 5.23: High-resolution multichannel seismic reflection profile showing the detailed
structural architecture of Domain 3C. Note the presence of extensional faults
superimposed on re-activated(?) Miocene thrusts. Antiform above the M-
reflector suggests possible turtle structure; is there salt in the core of the ad-
jacent M-reflector antiforms? Location is shown in Figure 5.12. The angular
scale was calculated at seismic water velocity (1500 m/s) and is not valid at
depth. Uninterpreted seismic profile can be found in Plate 7, Fixes 156 - 167.
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north. Furthest south, this ridge is buried and does not affect the morphology of the
seabed (e.g. Fig.5.23); however, moving northward, the ridge emerges and creates a
prominent inflection on the seafloor (e.g. Fig. 5.23). Based on the morphology and
growth of the Pliocene-Quaternary sediments imaged in Figure 5.23, R, appears to
be the thrust culmination of the reactivated (?) Tpc thrust (e.g. Figs. 5.19, 5.23).
It is possible, however, that this ridge formed as the result of salt expulsion and, as
such, is a turtle structure. Although the N-reflector is not obvious here in the seismic
reflection profiles, there may indeed be salt in the core of the M-reflector anticlines
adjacent to the Ry ridge. The Ry ridge is easily mapped across this region of the
sub-domain (i.e. Fig. 5.11). This ridge shows growth strata along its western flank,
hinting at the Pliocene-Quaternary activity of the pre-Messinian back thrust T¢' (e.g.
Fig. 5.23).

As in Domain 1C of the pre-Messinian Miocene, this domain represents a
region of complex deformation which appears to be the junction of (at least) two
morphotectonic styles. Implications of this and its possible relation to the Isparta

Angle are discussed in Chapter 6.
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Chapter 6

Discussion

The previous chapter described the detailed structural architecture of the Antalya
Basin in terms of three time intervals: 1- pre-Messinian Miocene, 2- Messinian, and 3-
Pliocene-Quaternary. Tectonism during the pre-Messinian Miocene was largely con-
tractional and spatial partioning during this interval is based primarily on the trends
and vergence directions of the thrust systems. During the Messinian, there was likely
a period of relative quiescence in the tectonic activity across the western Antalya
Basin. The period coincides with a major tectonic reorganization in the eastern
Mediterranean Sea: the collision of the Arabian Microplate with the Eurasian Plate
and its final suturing along the Bitlis-Zagros belt (e.g. Sengor, 1979; Sengor et al.,
1985; Dewey et al., 1986). At some time between the later Miocene and the Pliocene,
the tectonic regime changed to include elements of extensional tectonics, especially
in the western area where evidence suggests deeply-rooted extensional faulting. The
easternmost domains of the pre-Messinian Miocene and Pliocene-Quaternary (i.e. Do-
mains 1A and 3A, respectively) are predominantly characterized by NW-SE-trending,

SW-verging structures. In the pre-Messinian Miocene, this region was dominated by
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a large arcuate fold-thrust belt (i.e. Fig. 6.1). During the Pliocene-Quaternary, a
complex, similarly-trending arcuate superficial extensional fault system was devel-
oped within these younger sediments and recent activity of some of the pre-Messinian
thrusts is evident (i.e. Fig. 6.2). The structures within the westernmost domains are
poorly imaged in both the pre-Messinian Miocene and Pliocene-Quaternary but are
both found to be broadly N-S- trending (i.e. domains 1B and 3B, respectively, in Figs.
6.1 and 6.2). Poor lateral continuity of reflectors within the pre-Messinian unit allows
only for speculation for Miocene thrusting based on inferred minor structures visible
in the seismic reflection profiles. During the Pliocene-Quaternary, tectonic activity in
this region appears to have completely shifted to an extensional fault system. Based
on markers in the pre-Messinian successions and the offset of both the M-reflector
and the seafloor, these faults are speculated to have deep roots somewhere within
the pre-Messinian unit. The presence of a deeply-rooted extensional fault system in
the Pliocene-Quaternary is further evidenced by the morphology of the present-day
coastline. In both the pre-Messinian Miocene and the Pliocene-Quaternary intervals,
there appears to be a central transitional spatial domain (i.e. Domains 1C and 3C,
respectively, in Figs. 6.1 and 6.2) linking the arcuate SW-verging system in the east
with the broadly N-S system in the west. In the pre-Messinian Miocene, this transi-
tional domain contains poorly-imaged Miocene thrusts. In the Pliocene-Quaternary,
some of these thrusts appear to be still active (or possibly reactivated) and impact
the overlying sediments as well as the seafloor; there is also evidence of halokinetic in-
fluence throughout the Pliocene-Quaternary, especially in the southern region of this
transitional zone. In both the pre-Messinian Miocene and the Pliocene-Quaternary,
this is a region of very complex deformation and has important significance for the

structural evolution of the area.
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So what is the significance of these structural domains? What are these
structures telling us, not only about the evolution of the western Antalya Basin, but
of the evolution of the greater Isparta Angle? Of the eastern Mediterranean Sea?
In the following discussion, the structures and stratigraphic relationships described
in Chapters 4 and 5 are examined to place them in a local and regional context
in an attempt to answer some of these questions and add yet another piece to the
eastern Mediterranean jigsaw puzzle. A tectonostratigraphic chart is shown in Figure
6.3 which summarizes the key findings from this study as well as key findings from
studies in the surrounding area (e.g., Dumont, 1976; Ozgiil, 1984; Monod, 1977;
Waldron, 1984; Robertson and Woodcock, 1986; Dilek and Rowland, 1993; Poisson et
a., 2003a,b) to show how the region has evolved since the late Cretaceous following

the onset of E-W compression which initiated the formation of the Isparta Angle.

6.1 Morphotectonic elements of the Miocene

fold-thrust belt

The seismic stratigraphy and structural analysis of the seismic reflection profiles
described in Chapters 4 and 5 reveals that two prominent crustal-scale imbricate fold-
thrust belts are developed in the western Antalya Basin during the Miocene. The
thrusts associated with the eastern belt display broadly arcuate map traces which
trend NW-SE in the central region, but progressively assume a NNW-SSE trend
toward the present-day shoreline. The thrusts associated with the western belt exhibit
straighter map traces and have broadly NNE-SSW orientations. These two systems
converge in west-central Antalya Basin to delineate an inverted V-shaped structure

with an axis in a broadly N-S orientation (Fig. 6.1). These diverging thrust belts
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are believed to be related, forming the elements of a larger, broadly E-W trending
fold-thrust belt, discussed in detail below.

The northernmost seismic reflection profile where the NNW-SSE trending
thrusts are observed in the marine data is only 5 km south of the present-day shoreline,
allowing an immediate correlation of the marine structures with the similarly-trending
and similarly-verging structures mapped onland. The structures mapped in this study
clearly show that both the eastern and western fold-thrust belts extend toward the
north, and that the apex of the inverted V-shaped Miocene fold-thrust belt is situated
in the onland Antalya Basin (Fig. 6.1). Here, it is important to note that the N-S
orientation of the axis of the V-shaped structure formed by the convergence of the
eastern and western fold-thrust belts appears to align with the axis of the Isparta
Angle (Robertson, 2004; Poisson et al., 2003a,b). However, while the trends of the
eastern and western fold-thrust belts in the western Antalya Basin appear to match
the trends of the eastern and western limbs, respectively, of the Isparta Angle, the
broadly WSW-vergence of the thrusts mapped across the Antalya Basin aligns only
with the eastern limb of the Isparta Angle. In fact, this broadly WSW-vergence is
consistent with the structures mapped onland across the eastern limb of the Isparta
Angle (e.g. Waldron, 1984; Poisson et al., 2001, 2003) as well as the thrusts mapped
onland in the Beydaglari region. This strongly suggests that the SW- and W- verging
thrust systems mapped in the eastern and western Antalya Basin, respectively, are
actually divergent elements of the fold-thrust belt which tightened the eastern limb of
the Isparta Angle during the Oligocene and Miocene. Seismic reflection profiles and
borehole data further document that the Tortonian and older successions are involved
in the fold-thrust panels, suggesting that the Isparta Angle continued to evolve at least
into the latest Miocene. Within the 9-12 thrust panels characterizing the structural

architecture of the easternmost portion of the splaying fold-thrust belt (i.e. Domain
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1A), 2-3 panels emerge as very prominent structures. One of the prominent panels
(i.e. thrusts T, - T4, (Fig. 6.1) is correlated to the thrusts mapped by Isler et al.
(2005) and interpreted to be the offshore continuation of the Aksu Thrust mapped
onland (e.g. Poisson et al., 2003a,b; further discussed below).

During the Middle-Late Miocene, the greater Isparta Angle (including the
marine Antalya Basin as well as the present-day onland Aksu, Képrii and Manavgat
Basins) was situated between the evolving Tauride culminations in the north and
the subduction zone at the southern edge of the Neotethys Ocean. The Late Miocene
(mainly Serravallian to Tortonian) successions of the Karpuzcay and Aksu Formations
(see Chapter 4) and their correlative successions imaged in seismic stratigraphic Unit
3 were deposited within a large, elongated, broadly E-W trending foredeep extending
from the Bitlis Ocean in the east (e.g. Sengor et al., 1985), across the present-day
Iskenderun, Adana and Cilicia basins (Aksu et al., 2005a,b; Burton-Ferguson et al.,
2005), and the Kyrenia Range (Calon et al., 2005 a,b) into the Antalya Basin in the
west. The final collision of the Arabian Microplate with the eastern portion of the
Aegean-Anatolian Microplate in the Late Miocene not only created the Bitlis-Zagros
suture zone, but also modified the broadly E-W trending foredeep to create the mainly
arcuate deformation fronts observed across the eastern Mediterranean today (Sengor
et al., 1985; Dewey et al., 1986). In the eastern section of the deformation front,
Middle-to-Late Miocene regional compression led to the development of a broadly
NE-SW oriented arcuate fold thrust belt, including the Misis-Kyrenia fold-thrust
belt, the Amanos-Larnaka fold-thrust belt and the zone linking the Tartus Ridge
with the Cyprus Arc (Robertson, 1998a; Vidal et al., 2000; Hall et al., 2005a,b). In
the western portion of the deformation front, this Late Miocene contraction led to the
development of a broadly arcuate, but NW-SE oriented structures such as the Aksu-

Kyrenia fold-thrust belt (Isler et al., 2005). The structures associated with this Late
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Miocene compression are clearly seen within the western Antalya Basin (see Chapter
5). Similar structures were also documented in the eastern portion of the Antalya
Basin where large imbricate thrust sheets and their associated ramp anticlines and
piggyback basins showed protracted contractional deformation during at the least the
deposition of the upper portion of the Miocene Unit 3 (Igler et al., 2005). The current
study as well as Igler et al., (2005) show that the Antalya Basin remained as a foredeep
during this phase of contraction, allowing the deposition of a thick succession of Unit 3
(see Chapters 4 and 5). This style of Late Miocene tectonic and sedimentary evolution
within a foredeep in front of the evolving Tauride culminations is very similar to that
described in the Cilicia and Iskenderun Basins (Aksu et al., 2005 a,b), in the Kyrenia
Range (Calon et al., 2005 a.b), as well as in the Latakia Basin (Hall et al., 2005).
Progressive northward movement of the Arabian Microplate resulted in its subse-
quent suturing with the Aegean-Anatolian Microplate in the Late Miocene (Sengor et
al., 1985). During this time, the eastern connection of the Neotethys Ocean with the
Indo-Pacific Ocean was closed by the evolving Bitlis-Zagros fold-thrust felt. Towards
the end of the Tortonian, the progressive NE-directed motion of the African Plate
relative to the Eurasian Plate resulted in the narrowing and eventual closure of the
connection between the Neotethys Ocean (i.e. Mediterranean Sea) and the Atlantic
Ocean to the west. At the end of the Tortonian, the Mediterranean Sea was situated
at approximately the same subtropical latitude as today and was completely isolated
from both the Atlantic and Indian Oceans. This configuration led to the Messinian
Salinity Crisis (Hsii et al., 1978).
During the Messinian, the Mediterranean Sea became desiccated (i.e. the
Mediterranean Salinity Crisis, Hsii et al., 1978), and the ensuing lowering of the base
level and subsequent subaerial exposure led to profound erosion of all the Mediter-

ranean basins. This erosional event is represented by the N-reflector where Messinian
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evaporites are present and by the M-reflector where they are absent. The observed
thicknesses of the Messinian evaporite successions range from 3000 m in the Herodotus
Basin to 2500 m in the vicinity of the Florence Rise (Biji-Duval et al., 1978), and
to 1000 m in the Cilicia and Latakia Basins (Aksu et al., 2004a; Hall et al., 2004).
Isler et al. (2005) showed that the present-day volume of Mediterranean Sea can only
produce 40 m - thick evaporite deposits if completely desiccated. Thus, they argued
that approximately 70 times the current volume of the Mediterranean Sea would be
needed to produce the 2500-3000 m - -thick evaporite deposits in the deeper basins.
The final phase of desiccation of the Mediterranean Sea at the end of the Messinian
(Hst et al., 1978) and the associated subaerial exposure of the sea floor resulted in
the development of the well-known unconformity represented in the seismic reflection
profiles as the M-reflector. The truncation of the folded Unit 3 strata (e.g. Domain
1A in Chapter 5) implies that the initial thicknesses of the Miocene sedimentary fill in
the piggy-back basins were greater than what is now observed in the seismic reflection
profiles. Furthermore, preferential erosion of the crestal regions of the ramp anticlines
suggests that at the onset of evaporite deposition during the Messinian, consider-
able paleotopographic relief may have existed across the contractional domain and
the lower portion of the evaporite succession may, therefore, have been deposited in
restricted depressions. The progression of contractional deformation during the early
Messinian is difficult to establish because the architecture of the evaporite sequences
was changed considerably by both contractional deformation and halokinesis that took

place after the early Pliocene.
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6.2 Morpho-tectonic elements of the
Pliocene-Quaternary

A major kinematic change occurred during the transition from the Miocene to
the Pliocene, when the regional strain was partitioned into three spatially localized
tectonic domains: (1) an extensional/transtensional domain occupying the continental
shelf and slope in the westernmost Antalya Basin (i.e. Domain 3B); (2) a domain of
reactivated Miocene contractional structures in the southern and central portion of the
study area (i.e. Domain 3C); and (3) a predominantly extensional domain, temporally
confined to the Pliocene-Quaternary Unit 1, occupying the northeastern potion of the

study area (i.e. Domain 3A).

6.2.1 Extensional/transtensional zone in the western

Antalya Basin (Domain 3B)

One of the most remarkable aspects of the structural evolution of the western
Antalya Basin during the Pliocene-Quaternary is the development of a broad NE-
SW trending zone of invariably SE-dipping extensional structures (Fig. 6.2). These
steeply-dipping faults cut the Pliocene-Quaternary successions and become deeply
rooted in the Miocene successions. This largely N-S trending fault system appears
to control the morphology of the present-day continental margin in the westernmost
Antalya Basin. Indeed, there are several prominent scarps along the shoreline where
the strike of the scarp face is nearly identical to the strike of the individual faults in
this system. The fact that these faults are steeply and deeply cutting the Miocene (or
older) successions, and that they delineate a series of sharp escarpments both onland

and across the shelf break suggests that they form part of a large crustal-scale structure
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which shapes the present-day morpho-tectonic framework of the westernmost Antalya
Basin. Recent mapping of the onland Beydaglar: and Antalya Complex (often referred
to as the Kemer Peninsula) also delineated numerous Quaternary and younger faults
which appear to have developed over the similarly trending Miocene and older thrust
surfaces (Fig.6.3). These faults display NNE-SSW trends and extend along the entire
Kemer Peninsula (C. Yaltirak, personal communication, June 2012). This fault system
appears to link with a major N-S trending strike-slip fault zone that extends 200 km
from the towns of Kirka to Afyon, and then to Isparta (Savaggn et al., 1995). Onland,
this strike-slip fault zone is associated with a prominent N-S trending potassic alkaline
volcanic belt situation between the Menderes and Kirgehir Massifs. Savaggin et al.
(1995) used radiometric ages and geochemical data on the volcanic successions to show
that the volcanism occurred along this N-S zone paralleling the apex of the Isparta
Angle. They showed that the age of the volcanic rocks becomes progressively younger
from the north (i.e. the region of Kirka and Afyon date at 21-17 Ma) toward the
south (i.e. Isparta at 4 Ma and Antalya at 3-1.5 Ma; Bassang et al., 1977; Sunder,
1982; Lefevre et al., 1983). They further argue the motion along the fault zone is
dextral.

To the south, the zone extends with a broadly NNE-SSW trend toward the Anax-
imander Mountains (Fig. 6.4, sensu lato). A companion study south of the study
area for this thesis (Cinar, in progress) mapped a similar trending fault zone that links
northward with the extensional/transtensional NNE-SSW trending faults mapped in
this study. The author strongly suggests that the westernmost Antalya Basin is
marked by a prominent fault zone that extends 300-400 km from the onland Isparta
Angle across the westernmost Antalya Basin into the Anaximander Mountains (sensu
lato). The considerable length of the structure combined with the Late-Miocene to

Pliocene-Quaternary volcanism observed in the onland portion as well as the deeply
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extending faults in the marine portion of the region collectively support the notion that
this is indeed a crustal-scale strike-slip zone in the eastern Mediterranean. Although
the marine seismic reflection profile data described in this thesis are mute regarding
the sense of horizontal slip, Savascin et al. (1995) argue the radiometric ages on the
onland volcanics clearly show dextral slip. A major strike-slip zone in this region is
also speculated by Aksu et al. (2009), where a sinistral strike-slip fault is proposed
for the Sirr1 Ering Plateau between the Anaximander Mountain (sensu stricto) and
the Anaxagoras and Anaximenes Mountains in the east and south, respectively. The
speculated strike-slip zone extended from the Sirr1 Ering Plateau toward the apex of
the Isparta Angle, marking the westernmost continental margin of the Antalya Basin.
Solely based on the slip directions of the major strike-slip systems in the region, Aksu
et al. (2009) proposed that this strike-slip zone must also be sinistral: and this agrees
with the first motions of an earthquake occurring at the southern tip of the Kemer
Peninsula (Hall et al., 2009). However, based on the volcanic evidence (i.e. Savaggn
et al., 1995), it is suggested here that strike-slip along the western margin of the

Antalya Basin is dextral. Note that the sense of slip may have changed with time.

6.2.2 Reactivated contractional structures (Domain 3C)

A distinctly spatially localized contractional zone is situated in the east-
ern and central portion of the western Antalya Basin. Here, the prominent pre-
existing Miocene thrusts are reactivated in the Pliocene-Quaternary, as indicated by
the growth strata architecture that developed in the associated piggy-back basins (see
Chapter 5). This belt mimics the map traces of the Miocene thrusts and defines an
arcuate, predominantly NW-SE trending zone consisting of 4-6 large thrust panels.
The belt is traced toward the northeast to within <10 km of the present-day shore-

line and links with the large thrust panels mapped onland associated with the Aksu
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phase of compression (i.e. Aksu Thrust, Poisson et al., 2003a,b, 2011). These onland
thrusts are developed over the pre-existing Miocene thrusts, similar to the architecture
observed and described in the offshore Antalya Basin. Poisson et al. (2003a) docu-
mented that the compressional deformation continued into the lower-middle Pliocene
in the onland Aksu, Koprii, Manavgat basins. The seismic reflection data described
in Chapters 4 and 5 showed a similar timing for the thrust activity in the northern
portion of the offshore Antalya Basin, where growth strata were developed within
the lower and middle portion of the Pliocene-Quaternary sediments. However, the
offshore data also showed that the thrust activity continued into the upper Pliocene-
Quaternary, particularly in the southern and southeastern portion of the study area.
The general slowing of thrusting activity toward the north has important implications
(discussed below).

The correlation of the offshore thrust panels with those mapped onland suggests
that the fold-thrust belt associated with the Aksu phase of thrusting formed an (at
least) 200 km long and 30 - 50 km wide deformation front. Toward the southeast, the
large thrust panels can be linked with the thrusts mapped in the eastern Antalya Basin
(e.g. Isler, 2004; Isler et al., 2005). Isler et al. (2005) suggested that these thrusts can
be readily traced toward the southeast, where they link with the thrust panels that
define the core of the Kyrenia Mountains of northern Cyprus (Igler et al., 2005, their
figures 9, 10). They further suggested that these thrusts can be readily correlated
with the Orga, Kythrea and Ovgos thrusts mapped onland in Cyprus, respectively.
These onland thrusts exhibited a very similar timing and structural and stratigraphic
architecture to those mapped offshore (e.g. Calon et al., 2005a,b). Therefore, this
crustal-scale zone of deformation extends from the eastern thrust panels of the Isparta
Angle across the Antalya Basin and onto the thrust panels mapped in the Kyrenia

Range of northern Cyprus, making this deformation zone at least 300 km long. Fur-
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thermore, Aksu et al. (2005) clearly documented that the fold-thrust panels mapped
in the Kyrenia Range extend to the east with a NE-SW trend to link with the fold-
thrust panels mapped in the Misis Mountains of southern Turkey and then further
north-eastward toward the Kahramanmarag triple junction in southeastern Turkey.
Thus, this is, in fact, a 750 - km long south-convex deformation front extending from
the Isparta Angle all the way to the Kahramanmarag triple junction (Fig. 6.4). In the
literature, this deformation front is referred to as the Misis-Kyrenia-Aksu Fault Zone
(c.f. Aksu et al., 2005; Calon et al., 2005a,b; Isler et al., 2005). It developed during
the Pliocene-Quaternary in response to the large-scale rearrangement of microplates
and continental fragments following the pervasive collision between the Arabian Mi-
croplate and the Eurasian Plate which resulted in the continuing westward escape of
the Aegean-Anatolian Microplate. Domain 3C is only a small piece of the puzzle in
the tectonic evolution of the eastern Mediterranean region.

The individual faults of the northwestern limb of this arcuate deformation
front (i.e. the Aksu Fault and Kirkkavak Fault) exhibit notable dextral Pliocene-
Quaternary strike-slip displacement (e.g. Yagmurlu et al., 1997; Marker and Reilinger,
1997; Ciner et al., 2008, Meijers et al., 2011), whereas the individual faults of the
northeastern limb of the deformation front (i.e. the Misis-Kyrenia Fault zone, the
Misis Thrust, the Kyrenia Thrust and the Aslantag Thrust) are all known to have
sinistral strike-slip movements (e.g. Kelling et al., 1987; Kozlu, 1987; Gokgen et al.,
1988). The fact that the northwestern and northeastern limbs of this arcuate deforma-
tion front exhibit oppositely-directed slip directions suggests that the southernmost
apex of the deformation front must be a zone of intense contractional deformation.
The protracted Pliocene-Quaternary thrusting along the Kyrenia Range supports this

contention.
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6.2.3 Pliocene-Quaternary extensional fault zone (Domain
3A)

Immediately northeast of the Aksu-Kyrenia portion of the deformation zone (i.e.
the reactivated contractional structures of Domain 3C), there is a similarly trending
zone that is dominated by faults with notable extensional stratigraphic separation
(also recognized by Igler, 2004 and Igler et al., 2005). Isler et al., 2005 showed exquisite
examples of extensional faults where the thickness of the Pliocene-Quaternary strata
above a marker reflector in the footwall of the fault was significantly thicker than
observed in the hanging wall. They argued that under normal sedimentary conditions
where faulting is syn-sedimentary, strata on the hanging wall must be thicker than that
in the footwall. Therefore, they argued, these faults with extensional separations must
also accommodate considerable strike-slip displacement. Small amounts of growth
strata observed in the hanging walls of these faults in the lower portion of the Pliocene-
Quaternary successions suggest that the faulting may have initiated during the early
Pliocene.

The presence of a zone dominated by extension and transtension (Domain 3A)
immediately adjacent to a zone dominated by transpression (Domain 3C) is enigmatic.
Isler et al. (2005) interpreted this zone as an important transtensional lineament that
developed to accommodate the partitioning of displacements created by the ensuing
westward escape of the Aegean-Anatolian Microplate in the north (i.e. Dewey et al.,
1986) and the ongoing destruction of the Neotethys Ocean and ocean-forearc collision
in the south. They further proposed that the westward escape of the eastern segment
of the Aegean-Anatolian Microplate is accommodated at its southern boundary by
an arcuate splay of the East Anatolian Transform Fault, which is represented by a

major fault zone extending from the Misis Mountains of southern Turkey to the Kyre-
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nia Range of northern Cyprus and further west to the northwestern segment of the
Antalya Basin. They used GPS data to show that the motion of the eastern segment
of the Aegean-Anatolian Microplate relative to a fixed Eurasian Plate is invariably
west directed east of 30° longitude with no evidence of rotation or fragmentation (e.g.
McClusky et al., 2003). Based on this observation, they suggested that the sense of
movement along this arcuate extensional fault zone must be sinistral (with respect to
the African Plate).

It is very difficult to determine the sense of slip unless a piercing point is
identified both in the footwall and the hanging wall of a fault. Unfortunately, no such
structure has been readily identified in the study area, thus rendering the present
study mute regarding the sense of oblique slip that may be present across the normal
faults mapped in this area. However, significant information exists in the onland
geology north of the study area. The evaluation of the kinematics of the region within
the context of the extensive work in the onland Aksu, Képri and Manavgat Basins
where dextral strike-slip has been identified specifically in large reactivated thrusts
(Yagmurlu et al., 1997; Barka and Reilinger, 1007; Poisson et al., 2003a,b, 2001; Ciner
et al., 2008; Meijers et al., 2011) strongly suggest that the offshore continuations of
these re-activated thrusts must also have a dextral sense of slip. It is, therefore,
proposed that the extensional fault zone immediately northwest of these reactivated

contractional structures must also have dextral strike-slip motion.

6.3 Regional synthesis

The above discussion placed the study area into a regional context, linking
major structural elements with their marine and land counterparts (Fig. 6.4). In this

section, the area under investigation is further zoomed out to include the Hellenic and
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Cyprus Arcs and their internal elements such as the Pliny-Strabo Trenches, Anaxi-
mander Mountains (sensu lato) and the Florence Rise so that the plate-tectonic scale
ramification of the tectonic history can be discussed.

Today, the zone of convergence between the African Plate and the Aegean-
Anatolian Microplates is delineated by two prominent north-concave arcs in the east-
ern Mediterranean Sea: the Hellenic Arc in the west and the Cyprus Arc in the
east (Fig. 6.4). The Pliny and Strabo Trenches form the NE-SW trending broad zone
which links these two arcs. Recent studies showed that the subduction is ceased along
the Cyprus Arc, but continues along the Hellenic Arc (Kempler and Ben-Avraham,
1987; Robertson, 1998b). In this region, the relative motion between the African
Plate and the Aegean-Anatolian Microplate has essentially halted. Subduction of the
northern fringes of the African Plate beneath the Hellenic Arc is accompanied by
slab roll-back (e.g. Govers and Wortel, 2005). The overriding plate shows back-arc
extension in response to the movement of the trench, such as the N-S extension seen
in the western segment of the Aegean-Anatolian Microplate. Another consequence
of the subduction along the Hellenic Arc and the cessation of subduction along the
Cyprus Arc is the tearing of the lithosphere along transform-parallel zones. The
tearing transform segment along the present-day Pliny-Strabo Trenches is referred to
as the STEP fault system (Govers and Wortel, 2005). These transform zones have
sinistral strike-slip and the blocks between them experience counterclockwise rotation.

During the Early-Middle Miocene, the convergence vector between the African
Plate and the Anatolian segment of the then-Eurasian Plate was nearly orthogonal
to the current-day trend (e.g. Wdowinski et al., 2006) and the entire region was
situated within a predominantly compressional tectonic regime. Aksu et al. (2009)
showed that in the Late Miocene, the northwestern Florence Rise and the Anaxago-

ras Mountain likely experienced a small clockwise rotation to assume its NW-SE
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trend. They further suggested that this rotation was probably associated with the
Aksu Phase of deformation that also shaped the eastern margin of the Isparta Angle
(e.g. Poisson et al., 2003a). This NW-SE trend is also documented in the Antalya
Basin (Isler et al., 2005). Aksu et al. (2009) further suggested that the clockwise
rotation of the Florence Rise and the Anaxagoras Mountain was complemented by
a counterclockwise rotation in the western portion of the Anaximander Mountains.
During the Pliocene-Quaternary, the counterclockwise rotation of the Anaximander
and Anaximenes Mountain in the west and the clockwise rotation of the Anaxago-
ras Mountain in the east created an arrow-shaped structure across the Anaximander
Mountains (sensu lato)with limbs displaying NE-SW and NW-SE trends in the west
and east, respectively (Fig. 6.4).

It is speculated that a protracted contraction and thrusting occurred in the
Late Miocene with its peak activity possibly during the Tortonian (Igler et al., 2005).
This episode of pre-Messinian compression is responsible for the large open folds
observed along the northern slopes of the Anaximander Mountain, as well as within
the core of the Sirr1 Ering Plateau. The lack of both progressive unconformities that
merge with the M-reflector toward the ridge crests and syn-tectonic growth strata
within the pre-Messinian evaporite successions of Unit 2 in the southwestern Antalya
Basin collectively suggest that thrusting may have been relatively inactive during
Late Messinian erosion. Note, however, that we might not see growth strata within
the Messinian unit since these evaporite sequences have migrated and deformed post-
deposition.

Within this backdrop, the importance of the Antalya Basin becomes evident.
This study documents that the Miocene successions in the marine Antalya Basin
constitute the southern extension of the greater Isparta Angle. The above discussion

illustrates that deformation associated with the evolution of the eastern limb of the
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Isparta Angle is not solely restricted to the Eocene (Kissel et al., 1990), but continued
well into the Late Miocene (i.e. Tortonian) as indicated by the prominent fold-thrust
structures that developed within Unit 3. The reactivation of the fold-thrust belt in
the Pliocene-Quaternary as a strike-slip zone is well documented in this study and
confirms the presence of a very large arcuate south-convex deformation zone linking
the splays of the East Anatolian Fault Zone across the Misis Mountains to the Kyrenia
Range, and then to the Aksu Thrust. These findings support previous work by Igler
et al. (2005) in the central and eastern Antalya Basin.

Along the western margin of the Antalya Basin and the eastern fringes of the
western limb of the Isparta Angle, a major strike-slip system developed during the
Pliocene-Quaternary. Recent mapping along the onland Kemer Peninsula documented
that this dextral strike-slip system extends west into the Beydaglari region. It is
speculated that this strike-slip system provides a probable link between the Isparta
Angle and the Anaximander Mountains (sensu lato) and is likely related to the STEP
fault zone generated by the slab roll-back at the junction of the Hellenic and Cyprus
Arcs (Govers and Wortel, 2005).

How can the strike-slip across the western Antalya Basin and adjacent Bey-
daglar1 be related? Figure 6.5 shows a simplified version of GPS motion vectors from
McClusky et al. (2000) relative to a fixed Aegean-Anatolian Microplate. The Aegean
Sea is generalized by vectors showing strong southerly motion. Vectors from stations
MATR and HELW show that the African Plate is moving northward about a rotation
pole near the eastern edge of the map. Convergence at the Florence Rise increases
westward. Vectors from stations ANTG, KASO and SIRA show that the triangular
block between the Burdur-Fethiye Fault zone and the Aksu-Kyrenia Fault zone is
moving northward at a slower rate than the the African Plate. This is indicative of

contraction across at least the western region the Florence Rise. The northward mo-

156



OMYM Ul UMOYS I8 SIO}IIA
SdDH Aq poejesrpul sjuoureaul] Jolewr ssoror suorjowr dIs-0yLI1G ‘POl Ul UMOTS 918 SI0I0A G ) "JUSUIeaUul LIR[depAiog
=g ‘SoYoual], 0qRI)S-AUl[J =TS O[SURIOOI 9FURIO S€ UMOUS SI UISR( BA[RIUY UWIS)SoM O} JO BoIR APNIG OUI[INO
9TUM [IIM POI Ul UMOYS OIR SOUIRU 9IS PUR SI0JD0A §JY) YOR[Q UI SOUI[ISLOD :9)IM Ul UMRID IR SJUIOUIRIUI] [RINJOILIIS
1ole]N *(1861) uorssturtoy) oryderdoursd() [RUOIIRUISIU] 91} WOI] 818 SINOJUOD STIRCOSI PAJIS[AS A} PUR SUI[ISROD )

“(600g “Te 10 uedy) ddydepoer) woiy perrdwos are ArjpewAdyjeq pue Aydeidodol oyf, *(000g) T 10 ASN[DOIN wWoIj
UMBIPAI “BI[OYRUY PIXI € 0} AIFRAI ‘SI0}00A G J¥) JO UOTII[AS & SUIMOYS BIG UBIULIIIIPIT\ UISISeD 91} Jo AydeIiSosAyJ :¢'9 amSrq
3.9€ EN4Y EN4Y 3,0€ 3.8C 3,9¢ EN ¢4
1 1 1 1 1
NO€E — N RN S =
5 N \44.4@..% w/ =~ .i;/ ?.,Jf..ﬂ. e ...nUlefl).Jrf’«.!. .!.,/ %
& oo RN ;
SN o w 00€ 00c¢ 0ol 0
R e v

ta HAVA

No.C€

Nov7€

N.9€

No.8¢€

157



* Isparta Angle

Kirikkavak
Fault

\kau Fault

Zone

Antalya
Basin
A 0 20 40 60 km

Miocene

* Isparta Angle

Burdur-Fetiye
Fault Zone

Antalya
Basin
0 20 40 60 km
B CC— o Present-Day

Figure 6.6: Line diagram illustrating the evolution of the Antalya microblock. (A) Pre-
Messinian Miocene simplified tectonic map showing contraction dominated this
interval. Onland thrusts compiled from Blumenthal, 1963. (B) Present-day
simplified tectonic map with GPS vectors (RED) show distinct change from
contractional to (mainly) extensional features with strike-slip components. In-
terpretation of dextral slip both onland and offshore on the western margin of
Antalya Basin suggests the microblock is rotating counterclockwise. GPS vec-
tors suggest a northward migration of this microblock relative to the surrounding
blocks. Antalya coastline in thick black. GPS vectors relative to a fixed Anatolia
in RED (redrawn from McClusky et al., 2000). Thrusts shown with filled tri-
angular ticks on hanging walls; oblique faults shown with half arrows indicating
sense of slip.
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tion of the triangular block contrasts with the southerly motion of the Aegean segment
of the Aegean-Anatolian Microplate, confirming the sense of sinistral strike-slip across
the Burdur-Fethiye Fault zone. The southwesterly vector at BURD contrasts with
the northerly vector at SIRA, suggesting that sinistral transpression extends some
distance into the triangular block from the Burdur Fethiye Fault Zone. Northeast
of the Aksu-Kyrenia Fault Zone, the vector at SEKI indicates continuing contrac-
tion across the thrust zone, but also dextral strike-slip relative to vectors at ANTG,
KASO and SIRA. Such dextral strike slip might extend farther into the triangular
zone, confirming oblique slip across many of the steep extensional faults at the edge of
the continental shelf in the western Antalya basin. The Beydaglar1 Lineament (BDL,
Fig. 6.5) could mark the boundary of the dextral strike slip fault zone from the sinis-
tral strike-slip faulting which characterizes the Burdur-Fethiye Fault zone. No clear
evidence exists from the GPS vectors regarding present-day extension in the trian-
gular zone. The continued northward motion of the African Plate, which increases
in rate to the west, appears to have resulted in contraction across the Florence Rise,
but that its northward motion is partly transmitted to the triangular block, resulting
in sinistral strike slip towards its western margin and dextral strike slip towards its
eastern margin.

It is speculated that the strike-slip zones on the eastern and western flanks of the
study area (i.e. the Aksu-Kyrenia Fault and the Beydaglar faults) are facilitating the
western Antalya Basin sandwiched between them to behave as a separate microblock
(Fig. 6.6). This observation is further evidenced by the present-day thrusting in the
region (e.g. Chapter 5). This study clearly shows that there is still compression-
related activity in the offshore Antalya Basin. The fact that reactivated Miocene
thrusts in the study area have generally increasing activity toward the south (i.e.

greater M-reflector offset, more growth in the Pliocene-Quaternary basins, larger in-
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flections on the seabed) is suggestive of the possible microplate rotation in this region.
The complex deformation documented in the more northern region of the study area
(e.g. the possible inversion structure described in Domain 3C) might be related to
this block rotation. The dextral strike slip along the Aksu-Kyrenia Fault suggests the
Antalya micro block might be rotating counter-clockwise. This observation would be
accommodated by dextral strike slip along the Beydaglar region (Fig. 6.6). GPS vec-
tors indicate the microblock is also migrating northward relative to the surrounding
blocks (e.g. Figs. 6.5 and 6.6).

It is possible that the complex deformation occurring in the proposed Antalya mi-
croblock during the Pliocene-Quaternary initiated the displacement of the Messinian
evaporites contained in the large, deep basin described in Domain 3C of Chapter 5.
Hints of strike slip motion along the listric fault which bounds this deeper basin could
be explained, at least in part, by a rotation micro block immediately north of it. It
is likely that transtension in this region is also related to the structures further south
(i.e. STEP fault zone at the junction of the Hellenic and Cyprus Arcs) which link
with the transtensional structures described in the western Antalya Basin. The fact
that the subduction is halted along the Florence Rise, but is continuing along the
Hellenic Arc is creating a crustal-scale tear along the Pliny-Strabo Trenches (Govers
and Wortel, 2005). The cessation of subduction along the Cyprus Arc strongly sug-
gests that the ocean floor south of the Florence Rise is likely not typical oceanic crust
as seen south of the Hellenic Arc, but is either thickened oceanic crust or, possibly,
the northern fringes of the attenuated continental margin of the African Plate. The
new refraction studies south of Cyprus (Hall, Memorial University of Newfoundland,
personal communication, May 2012) will undoubtedly shed important light on the

nature and thickness of the crust in this region.
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The eastern Mediterranean remains as one of the most extensively studied,
yet poorly understood, regions of the most recent orogen. Collision in the eastern
Mediterranean is embryonic and gives us a glimpse of the Himalayas or the Ap-
palachian Mountains in their infancy. The Antalya Basin is one of several places that
hold important clues in the delineation of the tectonic and sedimentary evolution of
the eastern Mediterranean jig-saw puzzle. Knowledge gained in such places is incre-
mental and pivotal in the understanding of the initiation and kinematic evolution of

continent-continent collision.
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Chapter 7

Conclusions

Detailed interpretation of high-resolution multichannel seismic reflection profiles to-
gether with industry seismic profiles and well chronologies reveal the following salient

conclusions:

e The Miocene to Recent tectonic evolution of the western Anatlya Basin occurred
in three distinct intervals: the pre-Messinian Miocene, the Messinian, and the

Pliocene-Quaternary.

e The pre-Messinian Miocene is characterized by a prominent fold-thrust belt
which shows arcuate NW-SE striking, SW-verging thrust panels in the east
and broadly N-S striking, W-verging thrust panels in the west. These two
seemingly separate thrust systems form an inverted V-shaped structure within
the marine western Antalya Basin, developed immediately south of the Isparta
Angle onland. The similarities between the strike and vergence of the thrust
panels in the eastern and western limbs of the Isparta Angle and those mapped
within the marine areas clearly document that the thrusts mapped in the marine

areas once defined a broadly E-W striking, S-verging fold-thrust belt and they

162



assumed their present day configuration associated with the crustal buckling of
the Isparta Angle. This thesis documents that the Isparta Angle (sensu lato) is
a much large structure than mapped onland and extends south into the marine

Antalya Basin.

Various pieces of evidence document that the Messinian interval was tectonically
quiet, including: (i) the large folds delineated and mapped in the pre-Messinian
Miocene successions are not concordant with the N- and M-reflectors; (ii) the
largely homogeneous and/or weakly-reflective Messinian sediments often show
folding that does not follow the amplitude and wavelength of the folds developed
in the pre-Messinian Miocene sediments; and (iii) the termination of some of

the thrusts below the N-reflector.

The Pliocene-Quaternary interval marks an overall change in tectonic style.
This thesis suggests that the strain is partitioned into discrete regional morpho-

tectonic domains.

In the east, the Miocene fold-thrust belt remained largely inactive; however, sev-
eral prominent thrusts became re-activated during this time. Mapping showed
that these thrusts can be readily traced toward the southeast and correlated
with the Ovgos, Kythrea and Orga thrusts mapped onland Cyprus. Along the
continental slope and shallower shelves, the tectonic framework of the Pliocene-
Quaternary succession is delineated by faults that exhibit variable extensional
stratigraphic separations. Field observations suggested that these faults also

have considerable strike-slip components.

In the west, the structural framework was dominated by a series of broadly
N-S striking, invariably steeply E-dipping extensional faults which form a zone

of deformation that is 20-30 km wide. This zone occurs over the very steep
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continental slope in western Antalya Basin, and extends west into the Kemer
Peninsula and into the Beydaglari region. Onland these broadly N-S and NNE-

SSW striking faults are documented to have notable strike-slip components.

The western Antalya Basin behaves as a counter-clockwise rotating microblock,

accommodated by dextral strike-slip motion along the Beydaglar: region.

Within the larger plate tectonic framework, the study area is a forearc basin
north of the Cyprus Arc. However, this forearc basin evolved since the Oligo-

Miocene as part of the Isparta Angle.
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