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Abstract

The Miocene-Recent structural and sedimentary evolution of the Antalya Basin
south of Turkey in the eastern Mediterranean Sea is delineated using detailed
interpretation of - 900 km of high-resolution multi-channel seismic reflection profiles.
Three seismic stratigraphic units are identified. Unit 1 is Pliocene-Quaternary in age and is
characterized by a strongly reflective acoustic package which shows considerable lateral
continuity. Unit 2 consists of an acoustically transparent package with few coherent
reflectors: it represents the Messinian evaporite succession. Unit 3 is early-late Miocene
but pre-Messinian in age and is defined by an acoustically reverberatory package which
shows moderate lateral continuity.
Detailed interpretation and mapping of the seismic reflection profiles showed that
the structural architecture of the Antalya Basin is characterized by 4-5 noiihwestsoutheast trending anticline-syncline pairs. The anticlines are invariably cored by northdipping, south-verging thrusts, thus representing ramp anticlines with the syncline
between thrust culminations representing piggy-back basins. Temporal and spatial
relationship of these large-scale structures and the stratigraphy and growth stratal
architecture of Units 1-3 successions clearly document a two-phase history for the
Miocene to Recent kinematic evolution of the Antalya Basin. The first phase of
deformation occurred in the Miocene and affected the entire Antalya Basin. lt involves
the northwest-trending, southwest-directed fold-thrust structures in Unit 3. A
fundamental change in the kinematic regime occurred during the transition from the late

Miocene to early Pliocene, when the strain was strongly partitioned both temporally and
geographically. The second phase of deformation occurred in the early-Pliocene to
Recent. Structures associated with this phase of deformation consist of (I) northwesttrending listric extensional faults involving the Pliocene-Quaternary succession as well as
the similarly trending transtensional faults involving the Miocene to Pliocene-Quaternary
successions, which occupy the northern portion of the study area extending from the
present-day shoreline to the innermost portion of the deep Antalya Basin, (2) re-activated
Miocene thrusts involving the Pliocene-Quaternary successions, which occupy the
northern and central segments of the Antalya Basin, and (3) northwest-trending
transpressional structures involving the Miocene to Pliocene-Quaternary successions,
which occupy the southern segment of the deep Antalya Basin. The northern
extensional/transtensional faults exhibit concurrent activity with the re-activated Miocene
thrusts of the imbricate fold-thrust belt. T hese faults are interpreted to develop in relation
to the westward displacement of the Taw·ide block as the eastern segment of the AegeanAnatolian Microplate initiated its westward escape in the latest Miocene to early Pliocene,
which continued during the Pliocene-Quaternary and still persists today. By contrast, the
southern transpressional fault activity is interpreted to be related to the choking of the
subduction along the Cyprus Arc as a result ofthe collision of the Eratosthenes Seamount
with Cyprus during the early Pliocene to Recent.
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CHAPTER l. Introduction
1.1. Tectonic Framework

The present-day tectonic framework of the eastern Mediterranean is controlled by
the last phase of collision between the African and Eurasian Plates, and the displacement
of smaller Aegean-Anatolian, Syrian-Arabian, and Black Sea-Caucasus Microplates (Fig.
1.1 ). The boundary between the Syrian-Arabian Microplate and the African Plate is
delineated by the north-south trending sinistral Dead Sea Fault zone, which developed as
the result of the opening of the Red Sea to the south in the Miocene. The northward
movement of the Syrian-Arabian Microplate and its eventual collision with the Eurasian
Plate in the late Miocene-early Pliocene resulted in the closure of the southern arm of the
Neothetys Ocean (i.e. the Bitlis Ocean) and the suturing along the Bitlis-Zagros Suture
zone of southeast Turkey and northwest Iran

(~engor

and Ydmaz, 1981). This collision

initiated the westward tectonic escape ofthe Aegean-Anatolian Microplate along two
major transform fault systems

(~engor,

1991 ). The North Anatolian Fault zone extends

from the Karhova triple junction in eastern Turkey westward into the Marmara Sea and
Aegean Sea, forming a gently arcuate dextral strike-slip fault system delineating the
northern boundary between the Aegean-Anatolian Microplate and the Black Sea-Caucasus
Microplate (Fig. 1.1). The sinistral East Anatolian Fault zone defines the southeastern
boundary ofthe Aegean-Anatolian Microplate. It extends from the Karhova triple
junction toward the southwest, tracing the northwestern fringes of the Bitlis-Zagros
Suture zone. This fault zone meets the sinistral Dead Sea Fault zone and the northeast
1
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Fig. 1.1. Simplified tectonic map ofthe eastern Mediterranean Sea (modified from Aksu et al., 1992). PTI- Ptolemy Trench, KTJ- Karliova Triple
Junction, MB- Mesaoria Basin, MC- Mamonia Complex, TC- Troodos Complex, LB- Latakia Basin, MKFZ- Misis-Kyrenia Fault Zone, IBIskenderun Basin, AFZ- Amanos Fault Zone, KMTJ- Kahramanmaras Triple Junction, CYB- Cyprus Basin, CB- Cilicia Basin, LR- Latakia Ridge,
HR- Hecateus Ridge, ASM- Anaximander Seamounts, ANB- Antalya Basin. Large arrows show plate motion relative to fixed Eurasian Plate.
Subduction zones are shown by double lines with filled triangles positioned on the overriding plate. Major thrust faults are shown by single lines
with hatched triangles on the hanging wall. The strike-slip faults are displayed by half arrows showing the directions of relative displacement.

continuation of the Cyprus Arc, the Arnanos Fault zone, at a triple junction near the town
ofKahramanmara~.

The southern boundary of the Aegean-Anatolian Microplate with the

African Plate west of the

Kahramanmara~

triple junction is defined by two large, crustal-

scale arcuate structures: the Cyprus Arc in the east and the Hellenic Arc in the west (Fig.
1. 1).

ln its easternmost segment the Cyprus Arc is defined by the southwest-northeasttrending Nahr el Kebir graben of southwestern Syria. This structure can be readily traced
to the southwest where it connects with the northeast-trending Tartus Ridge (Ben
Avraham et al. 1995), which in turn links with the similar trending Latakia Ridge, and
further connects with the east-west trending Cyprus Arc situated between the
Eratosthenes Seamount and Cyprus. Further to the west, the Cyprus Arc is delineated by
the southeast-northwest-trending Florence Rise, north of the Pytheus Trench, a prominent
deep which consists of a series of small elongate basins (Hsl.i et al. , 1978). The Florence
Rise is a large accretionary wedge developed as the result of prolonged northeast
subduction of the African Plate beneath the Aegean-Anatolian Microplate (Woodside,
1977). Eratosthenes Seamount is a bathymetric high situated on the edge of the African
Plate, south of Cyprus. Drilling results clearly indicate that the seamount consists of
Cretaceous-Miocene carbonate successions (Robertson, 1998), which overly an
intermediate-thickness attenuated continental crust (Makris et al. , 1983). Eratosthenes
Seamount is presently colliding with Cyprus, thus constricting the subduction along this
segment of the Cyprus Arc (Robertson, 1998). The now-sutured Hecateus Ridge north of

3

the Cyprus Arc and the Mamonia and Troodos Complexes of Cyprus suggest that the
process of microplate accretion has been a common process in the evolution of the Island
of Cyprus. Along the Florence Rise p01iion of the Cyprus Arc, subduction is more
obvious, marked by moderate seismic activity, whereas in the east there is little or no
evidence for subduction and seismicity does not clearly delineate the plate boundary
(Woodside, 1976, 1977; Nur and Ben Avraham, 1978; Ben Avraham et al. , 1978; Sengtir,

1979; Dewey and Sengtir, 1979; Rotstein and Kafka, 1982; Kempler and Ben Avraham,
1987; Ambraseys and Adams, 1993; Oral et al. , 1995; Vidal et al. , 2000).
The Hellenic Arc defines the western boundary of the convergence between the
Mrican Plate and the Aegean-Anatolian Microplates. It can be traced along the Ionian
Trench which extends from the northwestern Ionian Sea to the southeast, encircles the
southern shores of Crete and swings to the northeast, where it links with the three
prominent sinistral strike-slip fault systems along the Ptolemy, Pliny and Strabo Trenches.
These trenches are defined by several very narrow and deep bathymetric depressions
consisting of several isolated elongate basins. Their onshore extension in Turkey is
represented by the sinistral strike-slip Fethiye-Burdur Fault zone (Fig. 1.1).
The Hellenic Arc joins the Cyprus Arc across a major morpho-tectonic element,
the Anaximander Seamounts (Fig. 1.1). Similar to Eratosthenes, these are not seamounts

sensu-stricto, but so named because of their morphological similarities with seamounts.
The Anaximander Seamounts consist of three main bathymetric highs that rise - 2000 m
above the deep abyssal plain ofthe Antalya and Herodotus Basins, reaching relatively

4

shallow depths of less than 1000 m (Fig. 1. 1).
Several horse-tail-like sinistral strike-slip faults splay from the East Anatolian Fault
zone and extend toward the southwest from the Kahramanmara~ triple junction. The
Amanos Fault zone is one of the most prominent ofthese splays which defines the eastern
boundary of the Amanos Mountains. It can be readily traced to the eastern shores of the
Mediterranean Sea where it joins with the prominent arcuate Amanos-Larnaka Fault zone
(Hall et al., submitted). From here the Amanos-Larnaka Fault zone is traced across the
southern margin of the Troodos Complex, swinging to the northwest and extending into
the Antalya Basin (Caton et al., submitted a, b).
The Misis-Andirin Fault zone is another important splay of the East Anatolian
Fault zone and extends toward the southwest into the Misis Mountains of southern Turkey
(Fig.l . l ) . This structure can be readily traced into the prominent northeast trending MisisKyrenia Fault zone (Aksu et al., 1992; submitted) and then to the east-west trending
Kyrenia Range of northern Cyprus (Caton et al., submitted a). Further west the MisisKyrenia Fault swings toward the northwest and continues into the Antalya Basin. The
Misis-Kyrenia and the Amanos-Larnaka-Troodos lineaments form two crustal-scale
arcuate elements running parallel to the general trend of the Cyprus Arc. Several basins
evolved between these three lineaments, including the Adana and Cilicia Basins in the
north and the Iskenderun, Latakia and Mesaoria Basins in the centre and the Cyprus Basin
in the south (Fig. l.l). These lineaments and basins clearly extend westward into the
Antalya Bay, and constitute the core tectonic elements of this thesis.

5

1.2. Antalya Basin
The present-day Antalya Basin is a predominantly marine depocentre, situated
between the Cyprus Arc (Florence Rise) in the south and the Taurus Mountains (Taurides)
of southern Turkey in the north (Fig. 1.1 ). It is bounded to the east by the AnamurKormakiti zone (Anastasakis and Kelling, 1991 ), a bathymetric rise which separates the
Antalya and Cilicia Basins (Fig. 1.2). In the west the Antalya Basin is bounded by the
Beydaglan Mountains and the Anaximander Seamounts which are pronounced
bathymetric highs immediately south of the Lycian Nappes and the Antalya Complex
(Antalya Nappes) of southwestern Turkey (Fig. 1.2; 1.3). The seamounts are situated at
the northeastern edge of the Ptolemy-Pliny-Strabo Trenches of the Hellenic Arc and the
northwestern extremity of the Florence Rise (Fig. 1.1).
The Taurus Mountains of the southern Anatolia comprise a prominent segment of
the Alpine orogenic belt. This mountain chain separates into two branches, the southwestnortheast oriented western branch and the southeast-northwest oriented eastern branch,
defining the limbs of the I sparta Angle (Blumenthal, 1969). Thus, the I sparta Angle is a
north-facing-convex triangular-shaped region, which limits the northwestern onland
extension of the marine Antalya Basin (Fig. 1.3). It is bounded to the west by an
allochthonous unit, the Lycian Nappes, representing Permian to Tertiary northwestverging thrust succession of deep and shallow water sediments, and extensive Late
Cretaceous ophiolites (Okay, 1989). The Fethiye-Burdur Fault zone (Fig. 1. 1) is a wide
6
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Fig. 1.2. Bathymetric chart of the eastern Mediterranean (modified from Aksu et al, 1992).
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Fig. 1.3. Map showing distribution of tectonic elements and major faults in lsparta Angle (compiled from
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belt characterized by sinistral strike-slip faults with considerable normal dip-slip
component, and marks the western margin of the I sparta Angle, linking it with the
Ptolemy-Pliny-Strabo Trenches to the southwest (Saroglu et al. , 1987; Price and Scott,

1994; Barka et al., 1997). The !sparta Angle is bounded to the east by an allochthonous
unit, the Bey~ehir-Hoyran-Hadim Nappes (Fig. 1.3), a Permian-Tertiary carbonate,
siliciclastic and minor ophiolitic succession (Monod, 1977), with the Sultandag thrust (Fig.

l.3) defining the northeastern margin of the region (Saroglu et al. , 1985; Barka et al. ,
1997).
The basement ofthe !sparta Angle mainly consists of two autochthonous units : the
Beydaglan Platform in the west and the Anamas-Akseki Platform in the east (Robertson
and Woodcock, 1986; Dilek and Rowland, 1993). The Beydaglan Platform consists of
predominantly Jurassic to Miocene platform carbonates (Poisson, 1977), whereas the
Anamas-Akseki Platform (Monod, 1977) (= the Geyikdag1 Platform of Ozgi.il, 1984)
constitutes platform carbonates of Cambrian (Dumont, 1976) to Eocene (Ozgul, 1984;
Monod, 1977) age. The Antalya Complex (Antalya Nappes) is an allochthonous
Mesozoic shallow-water carbonate succession that originated in the basin between these
two major autochthonous units (Poisson et al. , 1984). It was thrust over the Beydaglan
Platform in the west and the Anamas-Akseki Platform in the east during the late
Cretaceous-early Paleocene. The Paleozoic metamorphic Alanya Massif occurs in the
southeastern part of the !sparta Angle, and overthrusts the Antalya Complex in an
eastward direction (Dilek, 1993).
9

During the Miocene, the western limb of the I sparta Angle, including the
Beydaglan Platform experienced a 30°counterclockwise rotation (Kissel and Poisson,
1987; Morris and Robertson, 1993), whereas the eastern limb, the Anamas-Akseki
Platform, experienced a 40° clockwise rotation since the Eocene (Kissel et al. , 1990).
Thus, the lsparta Angle experienced a late Miocene phase of compression, also known as
the Aksu Phase, with coeval eastward and westward thrusting along the western and
eastern limbs, respectively (Barka et al. , 1997).

1.3. Stratigraphy of Onland Basins
The !sparta Angle contains several large interconnected Miocene depocentres,
including the Danoren, Beydaglan, and Antalya Basins, and a single Pliocene-Quaternary
depocentre the Aksu Basin (Fig. 1.3). The Antalya Basin includes several smaller
depocentres, such as the Aksu, Kopru and Manavgat Basins.
The Danoren Basin evolved in the Miocene as a foreland basin associated with the
flexural loading of the lithosphere during the emplacement of the Lycian Nappes
(Hayward, 1984). The basin fill consists of an Aquitanian to Langhian succession of
continental and/or shallow-marine conglomerates ofthe Aksu Formation (Tepekli
Conglomerate), which displays progressive onJap over the Antalya Nappes, overlain by
patch and fringe reefs of the Langhian Oymapmar Formation, which in turn is overlain by
a thick succession of mainly Burdigalian to lower Langhian marls and turbidites of the
Geceleme Formation sourced from the Lycian Nappes (Fig. 1.4; Akay and Uysal, 1985;
10

w

Karabayrr- A sagtgokdere Esk ikoyGebiz
Yenimahalle
Karak:us

Radyoring

Gl>kt;:elerSerik

KtzlldagColakh

Gent;:lerAlarat;:ay
Manavgat

Karpuz~ay

fin. Tashk fin.

Quaternary
Upper
Pliocene
Lower
Pliocene
Messinian
Tortonian
Serravalian
Langhian

..
.. ..
.. ..

Karabayu Fm. Karakus Fm. Aksu Fm .

Eskikoy Fm.

Gebiz Fm.

Quaternary
Deposits

Alanya
Massif

Oymapmar Fm. Cakallar Fm. Geceleme Fm.

Yenimahalle Fm. Alakilise Fm .

Antalya
Nappes

Beydaglan
Authochthon

Anamas-Akseki
Authochthon
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Akay et a!., 1985).
The basal succession in the Beydaglan Basin consists of lower Aquitanian shallowwater algal limestones of the KarabayLr Formation, which show progressive onlap over the
Beydaglan authochthon and the Antalya Nappes (Fig. 1.4; Akay et a!., 1985). The upper
portion of the Karabaytr Formation consists of deep-water limestones with abundant
pelagic microfauna and flora. It is conformably overlain by the Burdigalian-Langhian
Karaku$ Formation(= Ktsmen Gi.ineyce Formation of Akbulut, 1977), a siliciclastic unit
consisting of sandstone-calcareous siltstone interbeds at the base, grading into
conglomerate with limestone lenses (Fig. 1.4; Akay et a!., 1985).
In the Miocene Aksu, Kopri.i and Manavgat Basins (Fig. 1.3), the basal succession
consists of upper Oligocene-Langhian continental-marine conglomerates of the Aksu
Formation(= Tepekli Formation ofMonod, 1977; Be~konak Formation of Eroskay, 1968)
which regionally displays a progressive onlap over the Beydaglan and Anamas-Akseki
Platforms, the Antalya and Lycian Nappes, as well as the Karaku~ Formation in the
Beydaglan Basin (Fig. 1.4; Akay eta!., 1985; Kocab1y1koglu eta!., 2000). Locally, the
Aksu Formation is conformably overlain by the Langhian to Burdigalian Oymapmar
Formation, a variable lithology ranging from algal and patch reef facies in the northwest of
the !sparta Angle to pelagic limestone facies succession in the southeast (Fig. 1.4; Akay
and Uysal, 1985; Kocabtytkoglu eta!., 2000). In the Manavgat Basin, the LanghianSerravallian age deep-water marls, calcareous siltstones and sandstone-shale alternations
of the Geceleme Formation conformably overlies the Oymapmar Formation (Akay eta!. ,
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1985). Here, the breccias of the (:akallar Formation (Akay et al. , 1985; = (:akallar
Member of Kocab1y1koglu et al. , 2000) are locally intercalated in the lower portion of the
Geceleme Formation. Toward the west, the Geceleme Formation is either conformably
overlain by or locally displays lateral contacts with the lower segment of the Karpuzyay
Formation. The Karpuzyay Formation consists of a Serravallian-Tortonian siliciclastic
turbidite and debris flow succession (Akay et al. , 1985); it is also known as the Aksuyay
Formation (Akbulut, 1977), Manavgat molasse (Monod, 1977), Karg1 molasse (Poisson,

1977), Be~konak Formation (Eroskay, 1968) and Kayaba~1 Formation (Had1mh, 1968).
During the Tortonian, shallow-water clastic limestones, including colonial corals were
locally developed within the !sparta Angle (i .e. Gebiz Limestone). The

Ta~hk

Formation

locally conformably overlies the Karpuzyay Formation. It consists of a lower calcareous
siltstone unit, a middle silty limestone unit and an upper gypsum-bearing pebbly
conglomerate unit. It is Messinian in age (Fig. 1.4).
The Pliocene-Quaternary Aksu Basin developed in the early Pliocene in the
southern part of the I sparta Angle. The Pliocene succession rests with a marked angular
unconformity over the Karpuzyay Formation, but shows a progressive onlap over the
autochthonous block along the fringes of the basin (Fig. 1.4). The succession includes the
Eskikoy Formation, a basal conglomerate-sandstone unit of early Pliocene age
(Kocabtylkoglu et al. , 2000), conformably overlain by the predominantly marine deltaic
shales and mudstones of the lower-upper Pliocene Yenimahalle Formation (Akay et al.,

1985), and the conglomerates and sandstones of the upper Pliocene AJakilise Formation
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(Akay et al., 1985). Debris flow and alluvial fan deposits (i.e . Kemer Fanglomerates of
Glover and Robe1tson, 1998) originating from the Taurus Mountains encircling the lspa1ta
Angle are intercalated with the Yenimahalle Formation (Fig. 1.4; Akay and Uysal, 1985).
During the uppermost Pliocene and early Pleistocene, extensive cold, fresh-water
carbonates (travertine), known as the Antalya Tufa, were deposited mainly in the western
portion of the !sparta Angle and is overlain by the fluvial Bella~ conglomerates (Fig. 1.4;
Akay and Uysal, 1985; Glover and Robertson, 1998).
Except for a small number of regional studies no systematic survey was carried out
within the Antalya Basin, thus the detailed tectonic architecture of the region is poorly
documented, and the role ofthe basin within the Miocene to Recent kinematic evolution
of the eastern Mediterranean is not fully understood. Woodside (1977) used widelyspaced single-channel marine seismic reflection profiles to note the character of the
Florence Rise, and Anaximander Seamounts, the northward tilting and subsidence ofthe
Antalya and Finike Basins and the apparent continuation of the Strabo Trench south of the
Florence Rise and suggested that the regional tectonics around the Antalya Basin is
characterized by the underthrusting of the Aegean-Anatolian Microplate by the African
Plate. However, he also argued that the limited seismic activity in the region, and the
absence of both volcanism and a clearly defined trench along the Florence Rise probably
indicate that active subduction probably ended within the past 5 million years (my). Sage
and Letouzey (1990) used a small number of regional multi-channel seismic reflection
profiles shot by the Institut Franyais du Petrole and identified two internally parallel south-
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facing fragmented thrust belts within the Antalya Basin. They interpreted these thrusts as
the southern extension of the Alpine orogenic arc, comprising of a pile of nappes, which
became emplaced in several phases from upper Cretaceous to Recent. They indicated
that these nappes include lower Cretaceous ophiolitic material, such as the Lycian
Nappes, and pointed out that the thrust belts constitute the basement of many offshore
basins with an Oligocene to Recent fill, including the Antalya Basin.

1.4. Objectives
The multi-channel seismic data used in this study were acquired in 1992 and 2001
and a systematic processing sequence has been applied to prepare the data for
interpretation. Consequently, several structural and isochron maps are produced to
delineate the regional distribution and variation of the geological structures and the
stratigraphic sequences within the study area.
The geophysical objectives of this thesis are :
1)

to determine the appropriate parameters for the processing of the multi-channel
seismic data in Antalya Bay,

2)

to evaluate the effects and success of each individual processing step,

3)

to process the data to the final image so as to make the profiles look as similar to
the real subsurface geology as possible.
The geological objectives of this thesis are:

1)

to construct a detailed tectonic architecture for the eastern Antalya Basin and to
15
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provide correlations between the onshore and offshore features in the study area,
2)

to produce detailed maps of tectonic/salt-related structures and to delineate their
role in the Miocene to Recent deformation observed within the basin,

3)

to interpret the role of the Antalya Basin within the Miocene to Recent kinematic
evolution of the eastern Mediterranean.

1.5. Bathymetry
Antalya Basin is a deep embayment in the eastern Mediterranean Sea, situated
between the Florence Rise in the south and the Turkish coastline in the n011h and west
(Fig. 1.2). It is connected to the Cilicia Basin in the east by a prominent shallow, northsouth trending bathymetric high, referred to as the Anamur-Kormakiti zone (Fig. 1.2). In
the southwest the Antalya Basin is bounded by the Finike Basin and the Anaximander
Seamounts.
The continental shelf surrounding the Antalya Basin is generally narrow in the
western segment of Antalya Bay but widens considerably to - 10 km widest along the
northwestern corner of the bay, becoming progressively narrower (- 5 km) along the
eastern shores, seaward ofthe towns of Anamur and Manavgat (Fig. 1.2). The shelf-slope
break occurs at approximately 100-150 m water depth, with gentle slopes ( 5- 7°) leading
to the floor of the Antalya Basin at >2000 m (Fig. 1.2). The steepest slopes of up to 9°
are found along the western margin of Antalya Bay. In the east a single broad canyon
connects the Cilicia and Antalya Basins. The slope face is dissected by numerous
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submarine canyons feeding submarine fans. The canyon heads cut the shelf producing an
undulating topography along the shelfbreak. Along the upper slope several smaller
tributary channels join to form larger canyons, hundreds of metres wide. Along the lower
slope region, single large canyons split where each distributary channel progressively loses
its expression toward the abyssal plain. The slope to rise transition occurs between 15001900 m water depths, and is defined by a notable reduction in slope gradient. The abyssal
plain in Antalya Basin is a nearly flat-lying zone ranging in depth between 2000 - 2400 m.
The Mediterranean Ridge is a continuous arcuate feature that can be traced from
the northwestern Ionian Sea to the southeast of Cyprus. The Hellenic Arc runs parallel to
the western portion of the Mediterranean Ridge and is delineated by a series of parallel
and en-echelon ocean basins, differing from the typical expression of a conventional
subdu ction arc marked by a single, fairly continuous trench. The Ptolemy, Pliny and
Strabo Trenches fi·om west to east, represent the eastern portion of the Hellenic trench
system and each consists of several southwest-northeast-trending elongate depressions.
The Ptolemy and Pliny Trenches are very prominent with depths varying from 2000 to
3630 and 2000 to 4450, respectively. The Strabo Trench is less pronounced with a
shallower depth in the southwest(- 2800 m) that becomes deeper(- 3200 m) towards the
northeast, where it gradually plunges into the deep Rhodes Basin, - 4700m (Fig. 1.2). The
Pytheus Trench, a chain of southeast elongate depressions, lies along the south of Rhodes
Basin, Anaximander Seamounts and Florence Rise and links with the Cyprus Trench (the
physiographic expression of central Cyprus Arc) to the south of Cyprus. The Cyprus
17

Trench is situated between Cyprus and the Eratosthenes Seamount and extends eastward
where it merges into the > I 000 m deep Cyprus Basin. The western portion of the trench
is narrower compared to its broad character in the east and it appears disturbed associated
with the surrounding prominent bathymetric highs (e.g . Eratosthenes Seamount and
Hecateus Ridge). The shallow basins located north of the subduction zone represent
forearc basins with the volcanic arc situated in the central Aegean Sea (e.g . Milos and
Santorini) and central Turkey (e.g. Erciyas and Hasan Dagt). Finike Basin is an east-westelongated depression, situated between the southern Turkey in the north and the
Anaximander Seamounts in the south. It becomes shallower towards east, where it
merges with the abyssal plain of Antalya Bay through a gentle slope. To the northeast, it
links with the Turkish shore through a steep shelf, bisected by submarine canyons at some
localities, while to the no1th, the transition to southern Turkey occurs also through a steep
shelf but with a mostly undisturbed character. Finike Basin is separated from the Rhodes
Basin to the west, which is a >4400 m deep depression located southeast of the Island of
Rhodes, via a prominent bathymetric high reaching a depth of ~2050 m. Southward, the
floor of the Finike Basin climbs up to the Anaximander Seamounts through a gentle slope.
The Anaximander Seamounts are situated to the southwest of the Antalya Basin,
immediately south of the Finike Basin (Fig. 1.2). They consist of several large bathymetric
highs, separated by narrow, sinuous depressions. The highest peak, at 1022 m depth, is
situated in the western portion and displays a westsouthwest-eastnortheast orientation. It
is connected to the southwest-northeast-trending, 973 m deep central peak through a
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relatively wide plateau of 1800 to 2000 m depth. The eastern peak is 927 m deep and
shows a general southwest-northeast orientation. It lies on the abyssal plain as a separate
feature and shows transition to the central seamount through a 2000-2200 m deep narrow
canyon.
The subduction zone to the south of Antalya Bay is

represent~d

by the Cyprus

Arc. The features along the arc are more significant in the westward portion compared to
the fairly undisturbed eastern portion. The Florence Rise is situated south of the Antalya
Bay and west of the Island of Cyprus. It forms a notable east-west trending bathymetric
feature that rises from the abyssal plain to a depth of 1559 m. Eratosthenes Seamount is a
north-south trending sub-rectangular high immediately south of Cyprus, rising to a depth
of966 m above the adjacent abyssal plain.
Various morpho-tectonic features observed in the eastern Mediterranean reflect
the complexity of the region. The regional distribution and character of these features are
prominent in the analysis of the tectonic processes since they comprise evidence of
previous and recent tectonic activity.

1.6. Global Positioning System Data on Modern Deformation
The Global Positioning System (GPS) provides a precise measurement of
continental motion and deformation. These, in turn, contribute to the understanding of the
rheological models of the continental lithosphere and the forces causing the active
deformation (Reilinger et al. , 1997). The analysis ofthe movement vectors shown in
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Figure 1.5, suggests that the Syrian-Arabian Microplate is moving n01th-northwest at a
rate of about 25 mm/year, the African Plate is moving northward at a rate of about 10
mm/year and the Aegean-Anatolian Microplate is rotating counterclockwise with an
internal deformation of <2 mm/year, relative to Eurasian Plate (DeMets et al., 1990,
1994). The movement of African Plate relative to the Arabian-Syrian Microplate is
accommodated along the sinistral slip of the Dead Sea Fault. The rotation of the AegeanAnatolian Microplate is accommodated along the dextral North Anatolian Fault and its
extension into the Aegean Sea (i.e. the North Aegean Trough) in the north, and along the
sinistral East Anatolian Fault in the east.
Continental blocks tend to escape from collisional zones to prevent the subduction
of continental material and to reduce the topographic elevation (McKenzie, 1970; $eng6r,
1979; Jackson and McKenzie, 1988; Jackson, 1992). The westward movement ofthe
Aegean-Anatolian Microplate is a prime example of a tectonic escape, in this case
resulting from the collision of the Syrian-Arabian Microplate with the Eurasian Plate along
the Bitlis-Zagros Suture zone, in eastern Turkey.
Jackson and McKenzie (1984) measured the earthquake slip vectors along the
orth Anatolian Fault and obtained an Euler vector with a rotation pole of 14 6°

, 34° E

and rate of0.64 °/my for the Anatolian segment ofthe Aegean-Anatolian Microplate and
Eurasian Plate. Accordingly, they suggest that the western Aegean segment of the
microplate is separated from the eastern Anatolian segment of the microplate by a northsouth oriented extension zone and added that the intensity of earthquakes in western
20
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Fig. 1.5. Global Positioning System (GPS) horizontal velocities measured relative to Eurasia in the period 1988-1994 (modified from Reilinger et al. ( 1997) and Robbins
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Turkey compared with the non-seismic character ofthe central Turkey provides support
for this two-microplate hypothesis. Taymaz et al. ( 1991) obtained a similar Euler vector,
only with a change in the rotation rate (0.78° /my) . However, Reilinger et al. (1997),
derived two Euler vectors: one using only ten GPS stations located in the central portion
of the Anatolian segment of the microplate and the other using all the stations south of
North Anatolian Fault zone and west of East Anatolian Fault zone, which indicate rotation
poles and rates of29.2±0.8° N, 32.9±0.4° E, 1.3±0.1° /my and 31±0.8° N, 32.2±0.4° E,
1.7±0.2° /my, respectively. These two Euler vectors imply a statistically negligible
difference and point a pole position situated near the Sinai Peninsula. Based on the
similarity of these Euler vectors, Oral et al. (1995), and Reilinger et al. (1997) suggested
that the rotation of the Aegean-Anatolian Microplate may be better characterized by a
single plate model. In this model, the Aegean-Anatolian Microplate displays little
deformation in the east and a notably increasing deformation toward the Hellenic Arc,
resulting in north-south extension in the southeastern Aegean region.
The Euler poles of Rei linger et a!. (1997) display a 14o shift to the north from
those calculated by Jackson and McKenzie (1984) and Taymaz et al. (1991). This shift in
the pole position denotes a smaller radius of curvature for the rotation of AegeanAnatolian Microplate relative to Eurasian Plate. Based on the examination of the
curvature of the North Anatolian Fault, Westaway (1994) suggested that a rotation
curvature for the Aegean-Anatolian Microplate must exist along the trace of this fault to
accommodate the observed geometry. The rotation curvature obtained by Reilinger et al.
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(1997) overlaps the trace of the North Anatolian Fault along the eastern-central portion
but deviates toward south from the western portion. Using the earthquake focal
mechanisms and the geological maps, Bark a and Kadinsky-Cade ( 1988) Bark a et al.
( 1997) noted a change from a strike-slip and extensional character to a more complex
system of restraining and releasing bends along the North Anatolian Fault, towards the
west. This change in the character ofNorth Anatolian Fault may explain the deviation of
the fault from the rotation pole estimated by Rei linger et at. ( 1997).
Systematic analysis of the GPS velocity field based on a fixed Eurasian Plate
shows a counterclockwise rotation of the Aegean-Anatolian Microplate with an increase in
the horizontal velocities towards west-southwest (Fig. 1.5). The high velocities observed
in the southwestern part ofthe microplate is interpreted to occur as a result of the
southward retreat of subduction of the African Plate along the Hellenic Arc (McClusky,
2000).
The evaluation of the GPS data generally supports McKenzie ( l 970) ' s earlier ideas
on the deformation field in the eastern Mediterranean. The counterclockwise rotation of
the Aegean-Anatolian Microplate relative to Eurasia suggested by the GPS measurements
provides a better understanding of the geological architecture in Antalya Bay, and is
further discussed later.

1. 7. Seismicity

The Alpine-Himalayan belt is a prominent zone of active seismicity where
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ea11hquakes are generated along the boundaries between the larger Eurasian, African and
Indo-Australian Plates and several smaller Syrian-Arabian and Aegean-Anatolian
Microplates. The boundary between the African and Eurasian Plates in the easternmost
Mediterranean, including the Aegean Sea is fairly complex, and this region is considered as
the most active portion ofthis zone of seismicity. The seismicity map shown in Figure 1.6
constitutes the data from the Kandilli Observatory, Earthquake Research lnstitute-KOERl,
and International Bathymetric Chart ofthe Mediterranean- Seismicity-IBCM-S .
A number of large historical and recent earthquakes provide valuable information
on the character of the recent tectonic activity in the eastern Mediterranean region
(Barazangi and Dorman, 1969; Ambraseys, 1970; McKenzie, 1970, 1972; Nowroozi,
1971 ; Comninakis and Papazachos, 1972; Papazachos, 1973; Buyi.ika~tkoglu, 1980;
Rotstein and Kafka, 1982). The seismicity in eastern Mediterranean Sea generally
increases from east to west (Fig. 1.6). The focal depth distribution of earthquakes with
magnitudes greater than 4 reveal that the hypocenters >50 km are mainly concentrated in
the region of the Hellenic Arc, the Florence Rise, the Anaximander Seamounts including
the Finike Basin, the Adana-lskenderun Basins, the southern regions of Cyprus and along
the volcanic arc in central Anatolia. Earthquakes with epicenters <50 km are concentrated
along the North Anatolian Fault, the East Anatolian Fault and in the onshore extension of
the Antalya Bay, the lsparta Angle. Three recent major earthquakes have occurred along
the western flank ofthe !sparta Angle in 1914 (M=7), 1971 (M=6.2) and 1957 (M=7),
whereas the eastern flank does not appear to be seismically active. In central Anatolia
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both historical and recent earthquakes suggest a lower seismic activity compared to
western Anatolia (Ambraseys, 1970; 1988; Ambraseys and Finkel, 1987; Barka et al.,
1997). The most important ea1ihquakes in this area are the 193 8 Klr~ehir earthquake with
a magnitude of6.8 (Parejas and Pamir, 1939; Ketin, 1969; Barka et al. , 1997) and the
three historical earthquakes that occurred in 1668, 1717 and 183 5 (Ambraseys and Finkel,
1987; Oztin and Bayulke, 1990). Western Turkey is characterized by high seismic
activity, with several large earthquakes delineating the master faults of the east-west
trending graben systems, such as the 1899 Bi.iyl.ik Menderes, 1928 Torbah, 1955 Balat,
1969 Simav, 1970 Gediz and 1995 Dinar earthquakes. Little or no seismic activity is
observed in the southern part of central Anatolia (including the Mut Basin).
The boundary between the Mrican Plate and the Aegean-Anatolian Microplates
can be seismically traced from the Ionian Sea in the west across the Hellenic Arc, Florence
Rise-Cyprus Arc into the Bitlis-Zagros Suture zone in the east (Fig. 1.6). The Hellenic
Arc subduction zone, including the Ptolemy, Pliny and Strabo Trenches along its western
margin is seismically very well defined by a narrow, north-concave belt of shallow,
intermediate and deep earthquakes, with a prominent Benioff zone. The Florence Rise
and Cyprus Arc can also be traced seismically as another north-concave belt, but with a
notably lower seismicity. The absence of unequivocal oceanic crust in the Levantine Basin
(McKenzie, 1972) and the lower earthquake activity strongly suggest that the continental
fringes of the Mrican Plate are beginning to collide with the Aegean-Anatolian Microplate,
and that the small continental fragment, the Eratosthenes Seamounts is choking the
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subduction zone (Robertson, 1998). Rotstein and Kafka (1982) used the recent
earthquake data to suggest that a continuous zone of seismicity east of the Anaximander
Seamounts defines the northern boundary of the African Plate. Seismic reflection data
clearly document the presence of a prominent no1theast-trending ridge (i.e. Ta1tus Ridge,
Ben A vraham et al. , I 995) which defines the no1thern boundary of the African Plate with
the Syrian-Arabian Microplate in the east and the Aegean-Anatolian Microplate in the
north. The Tartus Ridge links the Cyprus Arc with the Dead Sea Fault and the East
Anatolian Fault on a triple junction near the town of Kahramanmara~ (Figs. I . I and 1.6;
Ben Avraham et al. , 1995; Vidal et al. , 2000). In southeastern Turkey, the plate boundary
is characterized by two southwest-nOitheast oriented, internally parallel zones of
seismicity. The southern zone lies along the Bitlis-Zagros Suture zone, while the northern
lesser zone correlates with the present-day trace ofthe East Anatolian Fault.
A few earthquakes are concentrated in the Antalya Basin, some occurring at
depths of - I 50 km . There are sufficient number of permanent stations to control the error
in the locations of the epicenters and the stations are close to the earthquakes to provide a
fairly reliable depth information. Rotstein and Kafka (1982) plotted two cross sections of
seismicity across the Antalya Bay, where seismicity data show a zone of earthquake foci
deepening no1thward into the Antalya Basin. A similar landward increase in the focal
depths of eaithquakes is recognized in the vicinity of Rhodes, along the Hellenic Arc
(Ric hter and Strobach, 1978). Considering this similarity, the pattern of the sub-crustal
seismicity in Antalya Basin, representing earthquakes with foci > 50 km may be interpreted
27
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as delineating a possible continuing subduction zone.
The analysis of seismicity in the eastern Mediterranean provides a better
understanding of the past and recent tectonjc processes that control the movement of the
African and Eurasian Plates and the reorganization of the smaller mjcroplates (i .e. AegeanAnatolian and Syrian-Arabian Microplates). The focal depth distribution of the
earthquakes together with the associated fault plane solutions contributes greatly to the
interp retation of the complex geological structures in the area.
Fault plane solutions obtained from the earthquake data, which consist ofthe
azimuth angles of the stations with respect to the epicenter and the initial direction of the
P waves recorded at those stations, shows evidence of a complex deformation in the
eastern Mediterranean (Fig. 1.7). The major fault activity obtained from the fault plane
solutions of earthquakes in the Iskenderun and Adana Basins reveals a predominantly
strike-slip character. A similar strike-slip character is also recognized along the North
Anatolian Fault and East Anatolian Fault zones. ln the western portion of the North
Anatolian Fault, the strike-slip character is accompanied by a distinct normal slip
component. In western Turkey normal fault activity occurs along several well defined
graben systems. The Antalya Basin and the area to the south and southwest of Cyprus is
characterized by both reverse and normal faulting with a strike-slip component. The fault
plane solutions from the Harvard Seismology Centroid-Moment Tensor (CMT) database
(from 1976 to 2002) shown on Figure 1.7 are of the earthquakes with magnitudes equal
and greater than 4.
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The regional and focal depth distribution of earthquakes in relation to the plate
boundaries is very important in delineating the role of Antalya Bay within the tectonic
processes that control the eastern Mediterranean. The information provided by the fault
plane solutions helps to note the character of the fault activity in the study area, providing
a tool to compare with what is shown by the seismic data.
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CHAPTER 2. Data Acquisition
2.1. T he Seismic Reflection Method
The seismic reflection method involves measuring the two-way-traveltime of the
seismic waves from the source to the receivers. Figure 2. 1 shows the reflection geometry
of a seismic wave path in the case of a dipping reflector in a homogeneous and isotropic
medium. Here, h stands for the shortest source-reflector distance, a. stands for the dip of
the reflector, x is the lateral source-receiver distance and v is the average velocity of the
medium . Note that the angle of reflection

W1)

is equal to the angle of incidence

(P2) .

From Figure 2. I the traveltime (t) can be derived by applying the cosine law to the triangle
ACH,
(2. 1. 1)
where,

lcR I= lsA I+ IAR I
= vt.
Consequently, one can rewrite the equation (2.1 .1):
v2 r2 = x2 + 4h2 - 4hxcos ( 90°+ a.)

= x2 + 4h2 + 4hx sin a.

'

(2. 1.2)

which, when reorganized, denotes the expression of a hyperbola with the axis of symmetry
at x= -2hsin a.,
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[v2 I (2hcos a) 2 ]

-

[(x + 2hsin a) 2 I (2hcos a) 2 ]= 1.

(2 .1.3)

h:

c
Figure 2. I. A schematic display of a path of a reflecting seismic ray traveling in an
isotropic and homogeneous medium.

The traveltime function, which corresponds to a tilted hyperbola, is constrained by the
physical properties of the subsurface media (in terms of the propagation velocity of the
seismic waves), the depth and dip of the reflector as well as the source-receiver distance.
Reflection requires media with distinct acoustic impedance contrasts. The acoustic
impedance (AI) of a medium is expressed by its mass density (p) and velocity (u),
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AI = pu.

(2.1.1)

The reflectivity coefficient (RC) determines the amount of seismic energy which will be
reflected from an interface and can be expressed as a function of acoustic impedances.
The reflection coefficient depends upon angle of incidence. For normal incidence,

(2 .1.2)

The reflected seismic waves are then detected by the hydrophones and the voltage
induced are transferred to the recorder. After pre-amplification (with or without filtering)
the analog signals are passed to an analog-to-digital converter. The dig ital signals are
recorded on a magnetic digital tape in industry-standard SEG D format.

2.2. The Acquisition Parameters and the Geometr-y of the Sua-vey
Approximately 900 km of multi-channel seismic reflection profiles were collected
in the Antalya Basin during 1992 and 200 I , using the Memorial University of
Newfoundland multi-channel seismic acquisition system on the RJV Koca fJiri R.eis of the
Institute of Marine Sciences and Technology, Dokuz Eyli.il University, izmir, Turkey.
During acquisition, the common-mid-point shooting technique (Fig ure 2.2) was used,
allowing redundant sampling of a given reflector, where the multiplicity of subsurface
coverage is g iven by,
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Fig. 2.2. (a) Common-mid-point (CMP) seismic acquisition

configuration~

(b) resultant multiple subsurface coverage(i .e. Fold)

Fold = 1/2 (Number of channels (Hydrophone Group Interval I Shot Interval)).

The source consisted of a Halliburton sleeve gun array, employing gun sizes of
40,20 and I 0 cubic inch. In 1992, the total volume varied between 70 and 120 cubic
inches, but typically 90 cubic inch (1475 cm3) , whereas in 200 1, the total volume wa
typically 200 cubic inch (3278 cm3) . The design bandwidth of the fu ll 200 cubic inch
source i approximately flat over 50-250 Hz.
During 1992 and 2001 , shots were fired every 25 m, and reflections were detected
by the nearest 12 channels ofLitton 48 x 12.5 m multi-channel streamer (1992) and the
full Teledyne 48 x 12.5 m multi-channel streamer (200 1). The signals were transferred to
the amplifiers where 36 dB (1992 and 2001) initial gain was applied. The amplified signal
was filtered using a low-cut frequency of 8 Hz, with 18 dB/OCT lope ( 1992 and 2001 ).
The resultant 3-fold (1992) and 12-fold (2001) data were recorded digitally for three
seconds below the sediment-water interface (with delay after shooting dependent on water
depth) at 1 millisecond sample rate, on optical diskettes using a DFS V seismograph
( 1992) and on DAT tapes using OYO DAS-1 seismograph (200 1). Both 1992 and 2001
multi-channel data were processed at the Memorial University of ewfoundland, with
automatic gain control, short-gap deconvolution (only 1992 data), velocity analysis,
normal move-out correction, stack, filter (typically 50-200Hz bandpass), migration, and
adjacent trace summing (only 1992 data) . Data from 1992 were processed using
ST ARP AK software; data from 2002 were processed using ProMAX (Courtesy of
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Landmark Graphics Corporation). Despite the low source volume and low fold ,
reflections are imaged to 2 seconds two-way time below seabed, even in 2 km water
depth.
Most of the 1992 and 2001 profiles were collected in a northeast-southwest
direction which is perpendicular to the general trend (strike) of the geological structures in
the area. Two tie-lines were shot extending in a west northwest-east southeast direction
across the bay and intersecting the rest of the profiles. The resultant coverage constitutes
a grid with line separation of around 7.5 km (see Appendix) . The details of the shooting
geometry for both 1992 and 2001 data are shown in Figure 2.3 .
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Figure 2.3. The shooting geometry for 1992 and 2001 seismic surveys; values separated by 'I' correspond to the
acquisition parameters used during 1992 and 200 I surveys, respectively.
Stem to source (X1): 50 m. I 37m.
Source to center offtrst hydrophone group (X2): 37.5 m. I 95 m.
Hydrophone group interval (X3): 12.5 m. I 12.5 m.
Active streamer length (X4): 200m. I 600 m.
Source and streamer depth (Y 1): 3 m. I 3 m.

CHAPTER 3. Marine Seismic Data Processing
The aim of seismic data processing is to enhance the signal to produce
interpretable seismic sections that are closest to the true image of the subsurface. A
seismic record contains random and coherent noise as well as primary reflections. The
noise may dominate the data particularly at greater depths below the surface because of
decreasing signal levels caused by inelastic attenuation. The random noise can originate
from various sources including electrical noise from the recording instruments, strumming
noise caused by the vibration ofthe streamer in water due to towing speed, general vessel
noise originating from propellers, generators, compressors and the wave noise caused by
the rough sea conditions. The coherent noise, on the other hand, occurs most commonly
in the form of multiple reflections originating from secondary reflections from the
interfaces, monofrequency waves generated by a.c. electrical power lines, and low
frequency waves with low amplitudes originating from the cable. One of the most
important aspects of data processing is to suppress the noise in order to increase the
signal-to-noise ratio. The most common noise suppression methods are filtering,
deconvolution and stacking. After the noise component is minimized and stacking is
performed, migration is applied to the data to move the dipping reflectors to their true
subsurface locations and to collapse diffraction hyperbolae.
Data processing is performed based on a number of assumptions originating from
the premise that the medium in which the wave propagation takes place is homogeneous
and isotropic. For example, the stacking process assumes hyperbolic moveout, whereas
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migration is based on the assumption of zero-offset wavefield. These assumptions
generally are not satisfied by the complex structure ofthe subsurface. However, seismic
processing can be successfully used in subsurface data although with a los of efficiency,
because the processing algorithms are designed to deal with orne deviations from the e
assumptions.
A conventional marine seismic data processing flow chart is given in Figure 3 . 1.
The success of each process on the chart depends on the reliability of the previous stages
as well as the parameters defined within each step.
The processing of the Antalya Basin sei mic data wer performed using the
Landmark-ProMAX software.

3.1. Trace Editing
The trace editing process for the Antalya Basin seismic data consisted of: ( 1)
renumbering hot files, (2) removing bad traces, (3) correcting anomalous time shifts, and
(4) removing static time delays.
A number of duplicate shot files were recognized in the header values. lt was not
possible for the processing job to be executed when two shots were designated the same
file number. Thus, the duplicate shot files were removed and the subsequent shot files
were renumbered sequentially. There were approximately 12 noisy traces, distributed
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Figure 3 .1. A conventional marine seismic data processing flow .
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randomly along the streamer (Figure 3.2). The noise was probably generated within the
hydrophone array either associated with the portions ofthe streamer exposed on the seasurface due to rough sea conditions or malfunctioning birds (streamer depth controller),
garbage trapped around birds or air bubbles trapped within the streamer. In order to
achieve a higher signal-to-noise ratio, these traces were zeroed . In spite of the fact that
deleting the traces decreases the fold on the stacked section, a compromise had to be
made to preserve a reasonable signal-to-noise ratio.
A saw-tooth expression of the seabed reflection appeared occasionally on near
trace gathers (Fig. 3.3a). This probably arises from malfunctioning ofthe firing system.
They were corrected by shifting up each shot gather with the amount of time required
(Fig. 3.3b). However, the non-periodical behavior at some localities, particularly along
steeply dipping structures, made the correction very difficult and in some cases impossible.
Record time delays varying between 500-3000 ms (depending on the water depth)
were applied during data acquisition in deep water regions in order to maximize useful
data in the 3-second recordings (Fig. 3.4a). The data were shifted downward with the
amount of the delay to place the reflections to their original arrival times (Fig. 3 .4b ). The
-200 ms source delay was subtracted while defining the amount of shift for correction.

3.2. Amplitude Recovery
During wave propagation from a point source, the amplitude of the wave decays
in proportion to the radius of the wavefront, an attenuation mechanism known as spherical

41

'II:

,._.
»

..0

"'0
Q)

]
e
Q)

~

en
Q)

~

,.J::i
(,)

~

·ac::
Q)

~
ell

'"'

Q)

~00

'II:

0

,.J::i

en

Q)

>

'+:)

g
en

c::

0

(,)

0

~
~

M

ob
......
J:.l.i

42

--=

43

..-- Sea floor

(b)

(a)

Fig. 3.4. Seismic reflection profile (near trace gather) showing the
recording time delays: (a) before and (b) after the correction.
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divergence. The velocity, which generally increases with depth, amplifies this effect. The
pore fluids in the media, through which the waves are propagating, consume pat1 of the
wavefield energy, which also is recognized as amplitude losses in the deeper portions of
the seismic section. Thus, the more porous the medium and the longer the raypath, the
more the attenuation. It has to be noted that high frequency waves are absorbed more
than the low frequency waves.
The penetration achieved on the Antalya Basin seismic data has not been high
enough to recognize a decay in the amplitudes below the seabed due to absorption or even
spherical divergence (not so surprising in deep water). A gain recovery technique, known
as the Automatic Gain Control (AGC) with a sliding time window, was applied to the dat a
after stacking for display purposes. The scale factor used in the gain function was
calculated by picking the amplitude of the middle sample in each sliding window and
taking the inverse of it. The width of the window was selected as 500 ms because a broad
sampling interval has been sufficient to give the desired result - overall even signal level
but retaining local high amplitudes of stronger reflections.

3.3. Field Geometry and CMP Sorting
Accurate introduction ofthe shooting geometry to the dataset is crucial in terms of
reliable results in the subsequent processes, such as velocity analysis. The positions of the
source and receivers were defined by carefully determining several parameters including
the minimum and maximum offset, the shot and receiver intervals, and the sailing azimuth.
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M.issed shots or misfired shots were treated to match the data with the ob erver' s log.
After the geometry information was incorporated with the data, the originally acquired
shot and receiver coordinates were transformed to midpoint and offset coordinates by
assigning each trace to the midpoint between the associated shot and receiver locations, a
process known as common-mid-point (CMP) sorting. Consequently, traces corresponding
to the same midpoint were assembled to form a CMP gather, where the number oftraces
represent multiple coverage (i.e. the fold of the data). Note that, a common-depth-point
(CDP) is equal to a CMP in the case of a horizontal reflector. However, it is common to
use the term COP to refer to a CMP even in the presence of dipping reflectors, which is
the case in the ProMAX processing software.

3.4. Deconvolution
The recorded seismic wavelet can be considered as a product of convolution of the
basic wavelet with the impulse response ofthe subsurface media through which the wave
propagates. lfthe basic wavelet is a spike, then the recorded wavelet represents the
impul e response of the Earth.
The received signals differ from the source signature because of several factors
such as hydrophone response, recording filters and surface reflections. Deconvolution i
designed to convert each of the received, reflected repetitions of the source wavelet into a
spike, by broadening the spectrum (spiking deconvolution) and by attenuating the
multiple reflections, whose periods are predictable (predictive deconvolution) . There are
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several assumptions made during the derivation of the deconvolution algorithms: (1) the
medium consists of horizontal and flat layers with no lateral velocity variations, (2) the
initial wavelet is minimum phase (its energy is concentrated at the front), (3) the source
wavelet is stationary, (3) the data is free of noise, and (4) the primary reflections have a
random character (Hatton et al. , 1986).
The attempts to apply deconvolution to the Antalya Basin seismic data did not give
satisfactory results because ( 1) the source wavelet generated by the airgun array did not
satisfy the as umption of minimum phase, and (2) the seabed reflection was already
represented by a fairly short wavelet (if not a single peak) on the sections, which did not
critically necessitate spiking deconvolution for identification. Furthermore, the fact that
spiking deconvolution does not only introduce more high frequency energy to the seismic
data but also boo ts the high-frequency noise, made the technique less favorable in this
case. The water depth in most of the Antalya Basin is too high for the images to suffer
seriously from seabed multiples within the recording time. Therefore, there has been no
need for performing predictive deconvolution along most of the profiles. Even in the
slope region, predictive deconvolution has not been applied because it fails to be efficient
due to the pr sence of non-flat reflectors and les than two multiple repetitions within the
prediction window.
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3.5. Bandpass Filtedng
Bandpass filtering is a frequency filtering technique used to eliminate the low and
high frequency noise that exists in the eismic data. lt is designed to pas the frequenci
corresponding to the reflections while suppressing the frequencies associated with the
noise. The pass band is marked by low-cut and high-cut frequencies between which the
amplitude re ponse of the filter is equal to unity.
Frequency filtering modifies the amplitude spectrum of a wavelet but maintains its
phase. It i performed by multiplying the amplitude spectrum of the filter with that of the
seismic wavelet. The output of the process is the seismic data including only the
frequencies included within the pass band of the filter.
The amplitude spectrum of an ideal band-pass filter has a rectangular hape
marked by low- and high-cut frequencies on each side. The Fourier transform necessary
for the filtering algorithm requires a continuous function, hence, the harp corners of the
filter causing discontinuities must be smoothed. ln addition, the steep sides of the filter
may generate a ringing response (thus diminishing resolution) because of sampling a
continuou function with a finite number of Fourier coefficient . The ringing, which
deforms the wavelet and add tails to the central peak in the time domain, results in uneven
amplification offrequencies in the pass band. ln order to limit the unwanted effects of
ringing, steep filter slopes can be replaced by gentle slopes. This can extend the effective
pass band further from the desired low- and high-cut frequencies, hence leaving some
frequencies as ociated with noise in the pass band. However, it is a reasonable
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compromi e when compared with the ringing effect. The final optimized Orm by filter is
represented by a trapezoid in the amplitude spectrum. The broader the band width of a
filter, the more compressed the wavelet in the time domain, hence, the more the temporal
resolution; usually, at least two octaves in the pass band is considered desirable.
The Nyquist frequency is the highest frequency present in a digital waveform and
given by
Fnyq = 1 I 2 t

where

~t

stands for the temporal sampling rate. In order to prevent aliasing of the signal

(frequency folding), the hjgh-cut frequency has to be smaller than that of the Nyquist
frequency.
On the shot gathers shown in Figure 3. 5, the seabed reflect ions are recognized at
33 70 ms at the near offset. The wavelets associated with noise are clearly vi ible above
the seabed, where there is no interference with the primary energy. Frequencies of 50-60
Hz, and around 4 Hz are prorrunent. By comparison, dominant frequencies of the
reflections appear to be around I SO Hz. The amplitude spectrum of these shot gathers is
given in Figure 3 .6. Both displays suggest a frequency range of 40Hz to 180Hz for the
primary reflections. Therefore, based on the observed frequencies on the shot gather and
the frequencies suggested by the amplitude spectrum, it was decided to filter the data with
an Ormsby filter, a trapezoidal bandpass filter, using the following parameters: low-cut
frequency of 40Hz, high-cut frequency of 180Hz, low- and high-frequency slopes cutting
the frequency axis at 20 Hz, and 220Hz, respectively. The filtered data and their
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Fig. 3.5. Two consecutive shot gathers. The wavelets associated with noise are visible above the sea floor at 3370 ms.
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Fig. 3.6. Amplitude spectrum of the shot gathers shown in Figure 3.5.
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amplitude spectrum show the success in the enhancement of the primary energy (Figs. 3.7
and 3.8).

3.6. Velocity Analysis, Nor·mal Moveout Correction and Trace Muting

The quality of seismjc imaging highly depends on the accuracy of the velocities
used during processing. Velocity analysis is performed based on the variation of normal
moveout (NMO) with travel time with the assumption of hyperbolic reflection t-x
trajectories. lt is usually applied to COP gathers because of the rea enable hyperbolic
alignment they display. The estimated velocities are then used

to

eliminate the time delay

associated with the finite distance between the source and the receiver in the COP gather,
a process known as the NMO correction.
The equation (2.1.3) can be rewritten for the case of a horizontal reflector

eI (2d/v)

2

-

x2/ 4h2 = I

and when it is expanded to the binomial series, traveltime can be written retaining the first
couple ofterms,
t = 2h/v + x 2/4vh

(3 .6.1)

Furthermore, becau e 2h/v = t0, equation (3 .6. 1) can be re-wri tten as

t = t0 + x2/2v2
~tNMO

t0

= t - t 0 = x 2/2v2 t0
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(3 .6.2)
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Fig.3.7. Two consecutive shot gathers in Fig. 3.5 after the application of Ormsby Bandpass Filter. Note that
frequencies associated with noise are suppressed.
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Equation (3 .6.2) shows that the magnitude ofthe normal moveout is directly proportional
to the offset, x, and inversely propo11ional to velocity, v, and the ve11ical traveltime, t0
Thus, normal moveout is more pronounced for reflections associated with shallow
reflectors as well as those received at far offsets.
The velocities that can be derived from seismic data are the root-mean-square
(rms) velocities, which are related to the interval velocities in the Dix equation (Dix,
1981 ) . NMO velocity, stacking velocity and rms velocities are considered equal in the

case of a short spread length relative to the reflector depth. Velocity generally tends to
increase with depth due to increasing confining pressure and increasing sediment density
associated with dewatering and lithification. In addition, sediment type and porosity also
affect the velocity. The less porous the medium, the higher the velocity (i.e., the velocity
is higher in limestone than shale).
In order to increase the signal-to-noise ratio, a supergather with a set of adjacent
CDPs that sample a full range of offsets is formed prior to the application of the velocity
analysis. The range of velocities to be used in the analysis is limited by the minimum and
maximum expected velocities. The maximum stacking velocity must be defined to include
the high velocities associated with steeply dipping events and off-plane reflections. The
distance interval for velocity analysis must be small enough to sample the lateral changes
in the subsurface. Assignment of velocity functions to CDPs between the velocity pick
locations are achieved by bilinear interpolation. The number ofCDPs to sum in the
gather, semblance, and velocity function stack panels, aims to maximize the signal-to-noise

55

ratio and to provide a viable vertical and horizontal resolution of the semblance peaks.
There are several methods used to derive stacking velocities from seismic data,
including velocity spectrum (based on contoured semblance), common offset gathers and
common velocity stacks (Fig. 3 .9):
The velocity spectrum is determined by the measurement of coherency among the
traces in a NMO-corrected CDP gather, using a range of constant velocities. The
semblance method of measuring the coherency is performed by using the cross-correlation
of traces in a COP gather. The formula for semblance is given by

Semblance =

where, au corresponds to the amplitude ofthe ith time sample on trace}, N stands for the
number of time samples and M is the number of traces. Because this technique is based on
the correlation of traces rather than the lateral continuity of stacked events, the semblance
velocity spectrum panel yields good resolution in both velocity and time and allows the
identification of multiple reflections as well as providing a reasonable stacking velocity
function. The display is usually in the form of semblance contours on a time-versusvelocity graph, where the peaks indicate the maximum coherence, from which the
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Fig. 3.9. Velocity analysis display showing the methods used to derive stacking velocities (e.g . velocity
spectrum, common offset gathers and common velocity stacks).

optimum stacking velocities can be derived for an event at a given time. However, this
technique does not give optimum results for data containing complex structures.
The gather panel is achieved by forming a common-offset-stacked gather of a
number of CDPs and observing the effect ofNMO correction using a specified range of
velocities. lf the velocities used in the removal of normal moveout are greater (or smaller)
than the primary stacking velocities then hyperbolae corresponding to events appear
undercorrected (or overcorrected) (Figs. 3.10 and 3 . l I) . Finally, the velocities, which are
able to flatten the hyperbolae on the gather are picked as the stacking velocities (Fig.
3 .12). Note that multiple reflections are more distinguishable on the common offset
gather compared to a stack. On the semblance panel, particularly at the portions where a
decay in the resolution occurs, this property of gather panel is very useful in separating the
peaks associated with the primary reflections from that of the multiple reflections.
The velocity function stack (VFS), also known as the constant velocity stack
(CVS), is done by correcting the normal moveout of a specified number of CDPs using
either a set of constant velocities or time-variant velocity functions and then stacking
them . The stacked traces are then displayed on a time-velocity plot side by side.
Consequently, the appropriate stacking velocities for each event are picked according to
the events that stand-out with high amplitudes and show lateral continuity. Because the
method uses the lateral continuity of the events, it works well for extracting the velocity
function fi·om the data containing complex geological structures.
The factors that control the accuracy of the velocity estimates are: ( l) spread
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Fig. 3.10. Gather panel displayed next to the semblance panel. White line corresponds to the velocities.
Note that the events on the gather panel appear overcorrected when velocities smaller than the primary
stacking velocities are picked.

Fig. 3.11 . Gather panel displayed next to the semblance panel. White line corresponds to the velocities.
Note that the events on the gather panel appear undercorrected when velocities greater than the primary
stacking velocities are picked.

0\

......

Fig. 3.12. Gather panel displayed next to the semblance panel. White line corresponds to the velocities.
Note that the events on the gather panel appear flat when the primary stacking velocities are picked.

--

-----------------------------------------------------------------------

length, (2) stacking fold, (3) signal-to-noise ratio, (4) muting, (5) time gate length, (6)
velocity sampling, (7) choice of coherency measure, (8) true departures from hyperbolic
moveout, (9) bandwidth of data (Ydmaz, 1987). The velocity analysis is applied to
filtered data because higher SIN yields better resolved peaks on the panels. Long offsets
provide good velocity resolution because ofthe reasonable moveout and contribution
from various offsets. However, the NMO stretch, a stretching of the waveshape yielding a
decrease in the frequencies, occurs at far offsets as a result ofNMO correction. lt causes
suppression of shallow events and thus, should be removed . While determining the
optimum NMO stretch mute, it has to be considered that the more the data included into
the stack, the higher the SIN, hence, the better the velocity resolution . In the absence of
far offset data, a decrease in the velocity resolution occurs particularly at the deeper
pot1ions of the section where the moveout is small. For a good temporal resolution on the
velocity spectrum, the time gate window length must be defined depending on the
dominant period recognized. The velocity increment has to be small enough to sample
every velocity variation in the data. The presence of distorted hyperbolae possibly
originating from the complex structures also makes it difficult to pick the correct stacking
velocities.
During the velocity analysis of the profiles from the Antalya Basin, a supergather
including 5 CDPs was generated in order to increase the signal-to-noise ratio and to
provide a viable vertical and horizontal resolution of the peaks. Figures 3.13 a and 3. 13 b
show two different velocity analysis panels calculated based on using a supergather of 20
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Fig. 3.13a. Velocity analysis display calculated by generating a supergather including 20 CDPs.

Fig. 3 .13b. Velocity analysis display calculated by generating a supergather including 5 CDPs.

and 5 CDPs, respectively. Note the higher S/

and resolution on the panels

corresponding to the supergather with 5CDPs. The minimum and maximum expected
stacking velocities were defined as 1500 m/s and 3500 mls, respectively. The lateral
sampling interval was selected to be every 100 or 200 CDPs, depending on the complexity
of the area. The semblance sample interval was selected as 5 ms, five times the temporal
sampling rate of the dataset and the semblance calculation window, which controls the
temporal smoothing, was defined as I 0 ms. Consequently, the number of semblance
calculations to perform in the specified velocity range was selected to be 500, and was
increased in areas where more velocities were needed for a reasonable lateral resolution on
the semblance panel. An automatic trace muting is performed to remove a more than 30
percent of NMO stretch at shallow times and far offsets.
The fact that the streamer length is very small compared to the water depth yields
insignificant moveouts, resulting in an overall fairly broad range of velocities that are able
to stack the events. The velocity analysis panels corresponding to the 48-channel 200 I
data and the 16-channel 1992 data are displayed in Figures 3. 14 and 3. 15, respectively.
On the 200 I data, the sharp semblance peaks, the well aligned hyperbolas on Lhe gather
panel and the high amplitude, continuous appearance of events on VF panel, are
recognized in the shallow portions of the data due to greater moveout at shallow depths.
Note the continuous decrease in velocity resolution starting at 3950 ms and extending to
4700 m (Fig. 3. 14). The stacking velocities below this time are represented by very broad
semblance peaks and by the events that hardly show any alignment on the gather and VFS
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panels. On the 1992 data, the offset is too short to recognize any significant variations in
NMOs, hence, the resolution on the panels is fairly poor even in the shallow po11ions (Fig.
3. 15).

3.7. Common Midpoint (CMP) Stacking

Common midpoint stacking is based on summing the traces in a NMO-corrected
CMP gather, in which each primary reflection should occur at the same time on each trace.
The trace in a

MP gather corresponding to various offsets are summed at each time

ample to give a single trace, equivalent to zero offset, on the stacked section. The most
common trace summing technique, mean amplitude summing, involves calculating the
mean value of the amplitudes at each temporal sampling interval among the traces within
a CMP gather. The mean is given by

Mean (t) =

-

1

-

N

~ si(t)
i=l

where S;(t) stands for the sample amplitude on trace i, at a given two-way-travel time, t,
and

repre ents the multiplicity. Here, normalizing the sum with the scalar of 1/N aims

to preserve the reflection amplitude levels during stacking. There are other methods such
as median and weighted trace summing, which may also be used depending on the noise
level of the data.
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Stacking is one of the most efficient steps in data processing in terms of improving
the data quality. It not only compresses the dataset but also attenuates both random and
coherent noise. The primary reflections tend to have less NMO than the multiple
reflections. For a primary and multiple reflection arriving the receiver at zero offset at the
same time, the NMO of the primary reflection is less than the multiple because a greater
portion of the travel path of a multiple reflection is confined to the shallow part of the
subsurface. Hence, its propagation velocity is lower compared to the primary reflection,
which penetrates into the deeper, higher velocity media. As a result of NMO correction
using the velocities estimated via velocity analysis, the hyperbolae corresponding to the
primary reflections are flat in time while the multiple reflections remain undercorrected.
During CMP stacking, the aligned primary reflections will add up constructively, yielding
high amplitudes, while the undercorrected multiple reflections will not show amplitudes
that stand out on the stacked section. The random noise, because of its uncorrelable
character from trace to trace, will also be attenuated by the stacking process (i.e., the
signal-to-noise ratio being enhanced by n112, where n is the stacking fold) .
A near trace gather and a stack section of a range of shots are displayed in Figure
(3 . 16). Note that, on the stack section reflectors stand out more distinctly and an
improvement in the signal-to-noise ratio is recognized.
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(b)
Fig. 3.16. (a) A near trace gather and (b) a stacked section.

3.8. Migration
3.8.1. General Ove1-view

On a stacked seismic image, dipping reflectors appear at slightly incorrect
locations with respect to the location of the sources and receivers, and diffraction
hyperbola occur where there are discontinuities along the reflectors. Migration is the
processing technique used for moving these reflectors to their true subsurface locations
and collapsing the diffraction hyperbolae, which as a result produce a seismic record with
a reasonable spatial resolution that accurately illustrates the geological setting of the
subsurface (Figs. 3. 17 and 3. 18). A dipping reflector, when migrated, moves in the updip
direction and appears steeper and shorter. Synclines are represented by bowties on the
stacked sections if their curvature is greater than that of incident wave fronts. Migration
restores these bowties to synclines by moving the flanks in an updip direction (Figs. 3. 193 .22). When migrated, anticlines become smaller while synclines broaden. The size of the
migrated structures i constrained by the velocities used for migration (i.e. the higher the
velocities, the more the migration, and hence, the more pronounced the updip
displacement). The lateral and vertical displacements of reflectors that occur during
migration have to be taken into consideration while determining the profile length and
recording time. lf either of them is too short, then, the true or pseudo locations of the
reflectors may not be represented on the seismic section due to limited imaging space.
The accuracy of the migration is controlled by a number of factors such as: the
proximity of stacked section to zero-offset section, the S/ , and the quality of the
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Fig. 3.17. Stacked seismic reflection profile. Note several diffraction
hyperbolae concentrated in the central portion of the profile.
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Fig. 3 .18. Seismic reflection profile shown in Figure 3.17 after the
application of Kirchhoff Time Migration. The diffraction hyperbolae are
collapsed and the reflector discontinuities representing faults are clearly
imaged.
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Fig. 3.19. Stacked seismic reflection profile. Note the presence ofbowtie geometries.
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Fig. 3.20. Seismic reflection profile shown in Figure 3.19 after the application of Kirchhoff Time Migration. Bowties are restored to
synclines. Also note that the anticlines appear smaller while the synclines are broader.
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Fig. 3.21. Stacked seismic reflection profile. Note the presence ofbowtie geometries.
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Fig. 3.22. Seismic reflection profile shown in Figure 3.21 after the application ofiGrchhoffTime Migration. Bowties are restored to
synclines. Also note that the anticlines appear smaller while the synclines are broader.
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velocities u ed during migration. The technique is based on the as umption that the
stacked section is equivalent to a zero-offset section. However, in the presence of strong
multiples and conflicting dips, this assumption is no longer alid. Thu , a decay in the
efficiency of the migration occurs. Migration does not make a distinction between the
primary reflections and noise, hence, when a seismic section is migrated all events undergo
the same process. ln datasets with low SIN, the migration of the noise component,
particularly at deep portions, results in the generation of smearing effects, which in turn,
decrea es the spatial resolution. The precision of stacking velocities estimated through
velocity analysis are generally limited due to several reasons as mentioned in the previous
section. Furthermore, migration velocities, represented by the medium velocities, may
vary from the stacking velocities (i.e. dipping events and off-plane diffraction require
higher velocitie than the medium velocities to stack properly) .
Migration can be performed either before or after tacking as well as in everal
domains, such as space-time, space-frequency, wave-number-time or wave-numberfrequency. Migration before stack is performed on common-offset gathers and has the
ability to migrate the events of different dips arriving at the same time. However, the
sen itivity to lateral velocity variations and the high computational time it requi res, makes
migration before stack less favored than migration after stack. Additionally, migration
before stack is most needed in areas with conflicting dips, where the assumption of
proximity of a stacked section to a zero-offset section is likely to be violated. Above all,
having a stacked section to compare with the migrated section is helpful because the
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velocities used during migration are not highly reliable. Depth migration has the ability to
yield good results in areas with strong lateral velocity variations. However, it is very
sensitive to velocity errors compared to migration in the time domain. Therefore, ifthe
estimated velocities are not highly reliable, which is usually the case, then time migration
tends to give better results. Figure 3.23 summarizes the most commonly used post-stack
migration techniques with their particular advantages and disadvantages.

3.8.2. Kit·chhoff Time Migration
Kirchhoff migration is an integral solution to the wave equation, hence, is
considered as a wave equation migration technique. It uses an exploding-reflector model
recording geometry equivalent to a zero-offset recording geometry, where the exploding
sources are located along the reflectors while the receivers are at CMP locations
distributed along the profile on the surface. Note that, the recorded time for zero-offset
eismic record is two-way-traveltime while for exploding-reflector model seismic record it
is one-way travel time. To make these recording geometries comparable, one can use the
half of the true medium velocity for the exploding-reflector model.
A scalar wave equation for the exploding-reflector model is given by,
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Fig. 3.23 . Chart summarizing the character ofpoststack 2D migration techniques (modified from Ytlmaz, I 985).

where v11 is equivalent to the half of the medium velocity. This equation isba ed on the
assumption that the medium consists of horizontal and flat layers and that there are no
lateral velocity variations. The stacked seismic data represent the value of the generated
wavefield at the surface and the related function is given by u(x,O,t). Having recorded
u(x,O,t), one can calculate the wavefield function recorded using the exploding-reflector
model at a depth of z, which is u(x,z,t) . Here, the method used for obtaining u(x,z,t) is
called wavefield extrapolation. At t=O, the wavefronts have the same shape as the
reflectors according to Huygens' principle and a distortion in the resemblance is observed
for higher values oft. Setting t=O in u(x,z,t), which means extrapolating the wavefield
backward in time to t=O, gives the migrated depth-section repre ented by u(x,z,O) .
Conversion to a migrated time section can simply be done by replacing z with vt/2 .
An hyperbola in the x-t (time) domain corresponds to a point in x-z (depth) domain

for constant velocity isotropic medium. The reflectors in the time domain are considered
to be consisting of adjacent points that act as Huygen's secondary sources, each
represented by a hyperbolic traveltime trajectory. On a CMP-stacked dataset, it is
possible to calculate the diffraction hyperbola at a given sample point on a trace by using
the appropriate velocity function. Assuming a horizontally layered velocity model the
velocity function used to compute the traveltime trajectory is the rm velocity at the apex
ofthe hyperbola at time t(O) (Y1lmaz, 1987). Kirchhofftime migration (diffraction
summation migration) is based on summing the trace values along the diffraction
hyperbolas that are generated at each diffraction point on the reflectors and consequently,
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collapsing them so that the sums are placed at the apexes (Fig. 3.24). The result of the
summation along the hyperbola which is placed at the apex appears as a large amplitude
point on the migrated time section, if the apex is a reflector point in depth. If not, then,
the random values of points on traces along the hyperbola tend to cancel each other as a
result of summing. By migrating the sample points at each datum on the time section, one
obtains a migrated time section. The depth section can be obtained simply by performing
a time to depth conversion.
The Kirchhoff time migration technique is based on the assumption that the media
of interest consist of horizontal layers with no lateral velocity variations and the stacked
section to be migrated is equivalent to a zero-offset section. However, it does not mean
that the technique is not applicable to the subsurface which is both vertically and laterally
inhomogeneous. Because, due to the random distribution of the reflector dip values, the
errors caused by the assumption of horizontal layers are likely to cancel each other
statistically.
The aperture width is defined as the lateral extent of a diffi-action hyperbola. It i
ideally defined to be larger than twice the horizontal distance of migration of the steepest
dip (Y Ilmaz, 1987). In the case of small aperture width, the steep flanks of the diffraction
hyperbola will not be spanned and migration will behave as a dip filter, discriminating
against steep dips. Whereas, if the aperture width is too large, then, the steeply dipping
random noise will be included in the migration and will be displaced in an updip direction,
which in turn, will result in decreasing the quality of the overlying data. Thus, data with
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Fig. 3.24. Principle of Kirchhoff Time Migration. Trace values along the
diffraction hyperbola are summed and placed at the apex (modified from
Ydmaz, 1987).
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low SIN is more sensitive to deviations from the appropriate aperture width. The velocity
of the medium and the maximum dip to migrate constrain the ape11ure width (i.e. the
higher the velocity, the larger the aperture width, the smaller the dip to migrate, the
narrower the aperture width). Therefore, deep events require wider aperture compared to
shallow events with the same dip, in the usual case ofvelocity increasing with depth.
The Kirchhoff migration algorithm applies amplitude and phase corrections
compensating for several attenuation mechanisms including the spherical divergence to
enable equal contribution to summation along the hyperbolic trajectory from events
appearing at various travel times. The technique has the advantages of: ( l) migrating
events with steep dips up to 90°, (2) can handle moderate lateral velocity variations, (3) is
efficient when velocity varies vertically.
During the migration of the Antalya Basin profiles, the Kirchhoff time migration
was performed. The stacking (or rms) velocities obtained through velocity analysis, when
used in migration, resulted in overmigrated hyperbolas particularly at deeper portion ofthe
section The appropriate migration velocities, which were successful in collapsing the
hyperbolas, were determined by performing a number of tests. Lt was not possible to
suggest a regular percentage to be subtracted from the stacking velocities to achieve the
migration velocities. Instead, migration velocities were assigned based on their ability to
attenuate the diffraction hyperbolas, at each sample point on the selected CDPs.
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CHAPTER 4. Seismic Stratigraphy and C hronology

The Antalya Basin seismic profiles show four seismic stratigraphic units defined by
distinct reflectors. The age of these units are determined by incorporating the exploration
well data provided by Turkish Petroleum (unpublished data; see Fig. 1.3 for the location
of the wells) and by seismically correlating with the units in the adjacent areas (i.e. Adana,
Mesaoria, lskenderun, Cilicia, Latakia and onland Antalya Basins).

4.1. Unit I: Pliocene-Quaternat·y

Unit I comprises the youngest succession recognized within the Antalya Basin. It
is seismically characterized by strong reflections, which suggest high acoustic impedance
differences (Fig. 4. 1) . The reflectors within the succession are considerably continuous
and parallel, and can be traced throughout the profiles. A distinct reflector, named as the
"M reflector" by Ryan ( 1969), forms the lower boundary of the sequence. A subunit with
a weak, transparent and discontinuous seismic expression is recognized at the base of the
Pliocene-Quaternary package.
The thickness of Unit 1 varies significantly through the study area. Lt is thickest
along the center ofthe basins and shows thinning towards the bathymetric highs and the
Turkish coa

t.

The reflectors mostly show onlap against these bathymetric highs as well

as the underlying Miocene and older successions. The basal transparent subunit can be
traced along the profiles without any significant thickness variations.
The well data uggest a composition of Pliocene-Quaternary age iliciclastic
85
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Fig. 4.1. Seismic reflection profile showing the seismic character of Unit 1 strata.
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succession for Unit 1. This unit is correlated on the basis of age with the Pliocene
Yenimahalle and Alakilise formations, including the Pleistocene Antalya Tufa and

Belk1~

conglomerate ofthe onland Aksu Basin (Akay and Uysal, 1985; Akay et al. , 1985; Flecker
et al. , 1998; Karab1ylkoglu et al. , 2000). Unit l is further correlated with the

Kuran~a

and

Hand ere/ Aktepe formations of the Iskenderun, Inner Latakia, Cilicia and Adana Basins
and the Athalassa, Kakkaristra, Apalos and Nicosia formations of the Mesaoria Basin (Fig.
4 .2). Across the shallow shelves, Unit 1 is characterized by a wedge of south-prograding

oblique reflectors.
The basal subunit is correlated with Yenimahalle Formation based on the well data
in Antalya Basin, and is further tentatively correlated with the early Pliocene Mirtou
Formation of the Kyrenia Range, Nicosia Formation of the Mesaoria Basin and the
Handere and Aktepe formations of the Adana, Iskenderun and Inner Latakia basins (Fig.
4.2). Two packages are recognized within the portion of Unit l overlying the transparent

basal subunit: subunit 1a, subunit lb. Subunit l b is the succession that immediately
overlies the transparent subunit (Fig. 4.2; Calon et al. , submitted a) . lt has a remarkably
strong and continuous seismic expression and shows progressive onlap against the thrust
panels. Subunit Ia comprises the seismically weak and transparent upper sequence and
also shows progressive onlap over the backlimb and forelimb ofthe thrust panels. The
only unconformities recognized within Unit 1 are the ones associated with the growth of
faults and sa lt diapir .
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F igure 4.2. Stratigraphy of the on land Antalya Basin showing correlations betwe~n marine seismic stratigraphic units and the
sedimentary successions in the adjacent Cilicia, Adana, Mesaoria Basins and Kyrenia Range compiled using (I) Akay et al.,
1985; Kocabiyikoglu et al., 2000; (2) Ya1~in and Gorur ( 1984), Kozlu ( 1987); (3) Turkish Petroleum Corporation, unpublished
data; (3) Kozlu (1987), Yilmaz et al ( 1988); ( 4) Robertson et al. (1995); (5) Weiler ( 1964), Cleinta'ur et aL (1977), Robe1tson et
al. ( 1995)

4.2. Unit 2: Late M iocene (Messinian)

Unit 2 consists ofweak and mostly discontinuous reflectors underlying theMreflector (Fig. 4.3). The base ofthi unit is represented by a strong reflector, the
reflector, which is only locally imaged on the seismic profiles due to a decrease in
resolution in the deeper portions of the sections. The architecture within the sequence i
difficult to identify, however, a number offolds truncated by theM-reflector are
recognizable. Unit 2 varies in thickness from 100-1300 ms. The interaction offaulting
and diapirism control the thickness variations throughout the study area. Based on the
well data, it is suggested that Unit 2 is composed ofMessinian age halite alternating with
lesser quantities of anhydrite and limestone (Turkish Petroleum Corporation, unpublished
data) . This uccession can be correlated with the sporadic minor evaporites over the
T011onian reefal limestones (Gebiz Limestone) ofKarpuzyay Formation in the onland
Aksu, K6prl1, and Manavgat basins (Akay and Uysal, 1985 ; Akay et al. , 1985) and fut1her,
with the lower Adana Group/Haymaseki Formation of lskenderun, Inner Latakia, Adana
and Inner Cilicia basins and the Lapatza and Kalavasos formations ofMesaoria Basin and
the Kyrenia Range, respectively (Fig. 4.2). Unit 2 thins and pinches out across the slope
of the Turkish coast. Towards the shelf, where the Messinian evaporite are missing, Mreflector is till present, but in this case it overlies an older succession. Two packages are
recognized within Unit 2: subunit 2a, subunit 2b (Fig. 4.3). Subunit 2a, where present,
immediately underlies theM-reflector. It has a strong seismic expression with continuous
and parallel reflector . Subunit 2a shows progressive onlap against the older structural
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Fig. 4.3. Seismic reflection profile showing the seismic character of Units 2 and 3 strata.
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highs. Subunit 2b comprises the seismically weak and transparent sequence, which either
underlies subunit 2a, or shows an intercalating relationship with subunit 2a (see Fig. 6. II).
Where subunit 2a is absent, subunit 2b immediately underlies the M-reflector.

4.3. Unit 3: Miocene (pa·e-Messinian)

Unit 3 is characterized by weak reflections, which are mostly discontinuous but
locally show moderate lateral continuity (Fig. 4.3). The upper boundary of Unit 3
coincides with the base of Unit 2 when present. Across the shelf and parts of the upper
slope where Unit 2 is absent, theM-reflector comprises the upper boundary. The lower
boundary is either not well-defined due to decreasing resolution with depth and difficulties
in imaging structures below the high velocity evaporites or lies deeper beneath the imaged
portion of the subsurface. Unit 3 is tentatively correlated with the Aquitanian-Serravallian
Tepekli, Oymapmar and Geceleme formations and the predominantly Tortonian
Karpuzc;ay Formation ofthe onland Aksu, Kopri.i and Manavgat basins (Akay and Uysal,
1985 ; Akay et al , 1985 ; Flecker et al, 1998; Karab1ylkoglu et al , 2000). It is further
correlated with the Pakhna and Koronia formations as well as the Kythrea Group of
northern Cyprus (Bagnall, 1960; Follows and Robertson, 1990). Unit 3 probably also
correlates with the predominantly siliciclastic successions of the Aslanta~, isah, Karat a~
and Klz1ldere formations of the Andtrm Block and Misis Mountains, and the Faklrca,
Girdili , Karaisal1, Cingoz, Guvenc; and Kuzgun formations of the Adana and Cilicia basins
(Fig. 4 .2; see also Aksu et al, submitted).
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CHAPTER 5. Late Miocene Ridges and the lnte1·vening Pliocene-Quaterna11'
Basins

The morphotectonic framework of the Antalya Basin is characterized by the
broadly undulating morphology of the M-reflector which shows I 00-1500 ms elevation
difference between adjacent crests and troughs. Detailed examination of seismic reflection
profiles hows that this corrugated morphology is the expression of deeper and much
larger fold tructures, which delineate a number of internally parallel, broadly northwestsoutheast-trending anticlines (referred to as late Miocene ridges) and synclines (referred to
as Pliocene-Quaternary basins).

5.1. Late Miocene Ridges

The ridges define large, northwest-southeast-trending, generally non-cylindrical
anticlines delineated by the morphology of theM-reflector, as well as the internal
architecture of the Messinian evaporites of Unit 2 and the late Miocene (mainly Tortonian)
succession ofUnit 3. The crestal hinge lines ofthese anticlines form broadly curvilinear
map trace which how doubly-plunging trajectories. Figure · 5. 1 and 5.2 show the areal
distribution of these ridges, referred to as

E1

to

E5

which are described below in terms of

their internal stratigraphic architecture below the M-reflector.

5.1.1. Ridges

R.idge

£ 1 and £ 11
E1

and

E 11

form a large, generally double-crested anticlinal tructure situated
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Fig. 5.1. Map of the Antalya Basin showing the axes of basins and ridges.
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Fig. 5.2. Map of the Antalya Basin showing the axes of basins and ridges posted on Plio-Quaternary isochrone
contours. Apparent thicknesses (time from sea floor toM-reflector) in ms are two way time. Contour interval
is 100 ms.

seaward of the base ofTurkish continental slope (Figs. 5.1, 5.2). ln the western portion
of the study area, they are clearly separated from one another, with the smaller basin

~~"

nestled between these two ridges (Figs. 5.1, 5.3). The crest( ) ofthe structure rises 200600 ms above the floors ofboth

basin~~

in the north and ba in ~ 2 in the south (Figs. 5.3-

5. I J ) , where the structure creates a < I 00 ms-high minor rise on the ea floor (e.g. Fig.
5.3). The upper evaporite subunit 2a is thickest beneath the floor of the PlioceneQuaternary basin ~ 1 , and shows a dramatic thinning toward the continental slope and the
crestal area of ridge

£1

(Figs. 5.3-5 .5). The thinning is accomplished by convergence of

internal reflectors within subunit 2a, as well a truncation on the lower subunit. The lower
evaporite subunit 2b underlies subunit 2a, or theM-reflector. The evaporite subunits 2a
and 2b in the crestal region of the ridges

£1

and

£ 11

as well as beneath basins

~ 1 , ~~"display

highly variable thicknesses on the seismic reflection profiles a traced from northeast to
southwe t (Fig . 5.3- 5.5). Unit 2 i largely absent across the continental shelf and slope,
and the depositional edge of the unit which is delineated by the merger

and M

unconformities occurs near the base of slope. The occurrence of thin and trongly
reflective, but discontinuous reflector packages at the level of theM-reflector may indicate
the presence of salt welds (Jackson and Cramez, 1989). This suggests that, at least
locally, the depositional edge of salt may have been situated higher on the slope, and that
salt wa s wi thdrawn from this region toward the deeper portion of the basin. The
morphotectonic architecture of the core of ridges

£1

and

£ 11

in the western portion of the

study area is characterized by two linked, south-verging asymmetric fold structures
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Fig. 5.3. Seismic reflection profile (FIX 495-506).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
Top basal Plio-Quaternary subunit • Lower evaporite subunit 2b
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Fig. 5.4. Seismic reflection profile (FIX 1879-1897).
Top middle Plio-Quaternary subunit .

Upper evaporite subunit 2a

Top basal Plio-Quaternary subunit

Lower evaporite subunit 2b

- M-reflector

- Top Unit 3

97

~,.

~2

[
13

sw

NE

Fig. 5.5. Seismic reflection profile (FIX 1813-1828).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
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Fig. 5.6. Seismic reflection profile (FIX 1767-1781 ).
Top middle Plio-Quaternary subunit .
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Fig. 5.7. Seismic reflection profile (FIX 1704-1723).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
Top basal Plio-Quaternary subunit • Lower evaporite subunit 2b
- M-reflector
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Fig. 5.8. Seismic reflection profile (FIX 1653-1667).
Top middle Plio-Quaternary subunit .

Upper evaporite subunit 2a

Top basal Plio-Quaternary subunit •

Lower evaporite subunit 2b

- M-reflector
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Fig. 5.9. Seismic reflection profile (FIX 1933-1948).
Top middle Plio-Quatenruy subunit • Upper evaporite subunit 2a
Top basal Plio-Quatenruy subunit • Lower evaporite subunit 2b
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Fig. 5.10. Seismic reflection profile (FIX 1870-1888).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
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Fig. 5.11. Seismic reflection profile (FIX 1820-1835).
Top middle Plio-Quaternary subunit .

Upper evaporite subunit 2a

Top basal Plio-Quaternary subunit • Lower evaporite subunit 2b
M-reflector

- TopUnit3
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consisting of long gently north-dipping back limbs and shoner, steeper south-dipping
forelimbs, with the crestal hinge line ofthe anticlines defined by the folds in Unit 3 strata
occurring beneath the apex offold delineated by theM-reflector (Figs. 5.3-5.5). The
gently nonh-dipping back limbs of these folds trace beneath the Pliocene-Quaternary ba in
~1 .

Here, the axial hinge lines defined by the strata of Unit 3, Unit 2 and Unit l are

remarkably coincident, suggesting a longer term stability of the basins and ridges (e.g. Fig.
5.3).
ln the eastern portion of the study area, ridges e1 and e11 merge to form a massive
multi-crested anticlinal structure, with basin ~~ a forming an uplifted perched depression
over the southern fl·inge ofthe anticline (Fig . 5. 1, 5.6-5 .8) The height ofthe structure
ranges from 600-900 ms to 1200 ms, with a very prominent sea floor expression, where
the combined ridges

E1

and

E 11

stands from I 00-3.50 ms above the adjacent sea floor (Figs.

5 6-5 .8). Here, the upper and lower evaporite subunits 2a and 2b form a nearly uniform,
- 200 ms-thick drape over the extensively folded strata of Unit 3 across the large
composite ridge c 1 + c11 (Figs. 5.6-5 .8). ln the eastern ponion of the study area, the base
of the evaporite unit is not always well delineated in seismic profiles and Unit 3 shows few
coherent reflections (e.g. Fig. 5.6). Further to the east, the evaporite unit shows a
dramatic thinning and disappearance (i.e., probable depositional edge) below theMreflector along the lowermost portion of the continental slope (e.g. Figs. 5 7, 5.8). Here,
Unit 3 is well imaged below the base evaporite within the complexly- folded structures of
composite ridge E 1 + £ 1., and the reflectors within Unit 3 delineate a series of tight folds.
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5.1.2. Ridge

E2

Ridge e2 is an anticlinal structure situated to the south of composite ridge e1 + e11
(Figs. 5 l, 5.2). ln the westernmost ponion of the study area, it appears as a minor
structure rising < l 00 ms high above the adjacent basin floors, where basins P2b and

P3,

form a large composite depocentre extending between ridges e13 and e3 (Fig. 5.9) Here, the
upper evaporite subunjt 2a forms an approximately 100 ms-thick, nearly uniform blanket
extending across the floor of the composite basin, including ridge
thinning and pinch-out along the flanks of ridges e3 and

Eu

~'

but shows a marked

(Fig. 5.9) The lower evaporite

subunit 2b defines a thick package that underlies ubunit 2a across ridge e2 a well as
beneath the adjacent basins (Fig. 5.9). The base of subunit 2b is marked by an erosional
unconformity, delineated by a moderately continuous reflector, which truncates the folded
strata ofUnit 3, while its upper boundary is delineated by highly continuous, strong
reflectors of the lowermost subunit 2a. The internal architecture of Unit 3 across
omposite basins

P2b and P3, , including ridge e2 is delineated by a series fold

, giving the

unit a gently corrugated appearance. The folds exhibit long, gently north-dipping back
limbs, and shorter and steeper south-dipping forelimbs (Fig. 5.9).
Further to the east, the crestal region of ridge e2 rapidly ascends and becomes a
very prominent structure, rising - 800 ms and 300 ms above the floors of basins

P2 b and

P3,, respectively, and creating a - I SO ms-high expression on the sea flo or (Fig. 5

I0).

Here, the lower evaporite subunit 2b is absent and the upper evaporite subunit 2a forms a
<100 ms-thick package that directly overlies Unit 3. Across the crest of ridge e21 subunit
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2a immediately overlies Unit 3 and shows a south-directed thinning and pinch-out by
erosional truncation at theM-unconformity. Subunit 2a is thickest beneath the floors of
adjacent basins and shows a dramatic thinning toward

ridge ~.

which is accomplished by

convergence of reflectors as well as abutting against the underlying strata of Unit 3. The
internal architecture of the core of ridge

~

is defined by a very prominent fold structure.

This structure is clearly tilted toward the no11heast and consists of a > 1200 ms-thick
package of gently northeast-dipping reflectors which are truncated along the southern
portion of ridge

E2

against a more steeply northeast-dipping surface that rises to the base

of M-reflector along the central axis of basin ~k The reflectors within this tilted block are
also truncated at the northeastern portion of ridge

E2

by the M-unconformity (Fig. 5. I 0).

ln the central portion of the study area, ridge E2 stands as a relatively narrow, but
high amplitude structure (Fig. 5.11 ). It exhibits a symmetrical cross-sectional geometry
rising - 1100 ms from the floors of basins ~2 and ~3 a and creates two promjnent erosional
step-like expression on the sea floor (Fig. 5. 11). The upper evaporite subunit 2a is
thickest beneath the axes of the adjacent basins and shows a rapid thjnrung towards ridge
E2 .

The lower evaporite subunit 2b appears as a triangular body which underlies subunit

2a in the crestal area of ridge E2 (Fig. 5. 1 l) . Here, the boundary between these two
subunits is marked by the abrupt change in seismic character. Beneath basins ~2 and ~ 3 a,
subunit 2b appears to be missing and Unit 3 underlies the upper evaporite subunit 2a, the
base of which is marked by strong reflectors. In the central portion of the study area, only
a very small portion of Urut 3 is imaged in seisrruc profiles, thus the internal architecture of
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thjs succession cannot be fully delineated using the existing seismic reflection profiles (Fig.
5. 11 ). Further to the east, ridge c:2 becomes wider and displays an asymmetrical crosssectional geometry with a long, gently northerly-dipping back limb, and a horter and
steeper southerly-dipping forelimb . The structure rises 550 ms and 100 ms from the floor
ofbasins ~ 2 and ~ 3 .,, respectively (Fig. 5. 12). The upper evaporite ubunit 2a extend with
a uniform thickness across the crest of ridge c:2, as well as beneath the adjacent basin
floors, although a mild truckerung is observed toward basin ~2 (Fig. 5.12). ln the crestal
region of ridge c: 2 and beneath basin ~ 3 , it overlies a lenticular package of lower evaporite
subunit 2b. Whereas, beneath the floor of basin ~ 2 in the north, subunit 2b shows a pinch
out and the upper evaporite subunit 2a immediately overlies

nit 3 (Fig. 5.12). The

boundary between the two evaporite subunits as well as between subunit 2a and Urut 3 is
well-defined by strong and continuous reflectors. The architecture of Unit 3 across ridge
c:2 and c:3 , including the intervening subbasins ~ 3 , and ~ 3 b, is characterized by a prominent

asymmetric fold structure which display a long northerly-dipping back limb and a notably
short southerly dipping forelimb (Fig. 5. 12). Internally Unit 3 defines a north-dipping,
north-thickening homoclinal succession, which shows clear growth in its middle-upper
portion. However, the uppermost strata of the unit are variably but notably erosionally
truncated by the reflector which defines the base of subunit 2b (Fig. 5. 12).
In the ea tern portion of the study area, ridge c:2 remains as a prominent
asymmetrical tructure, although its amplitude varies considerably rising 100-750 ms and
- 200 ms from the floor of basins ~ 2b and ~ 3 ,, respectively (Figs. 5.13, 5. 14). The
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Fig. 5.12. Seismic reflection profile (FIX 1757-1772).
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Fig. 5.13. Seismic reflection profile (FIX 1719-1735).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
Top basal Plio-Quaternary subunit • Lower evaporite subunit 2b
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Fig. 5.14. Seismic reflection profile (FIX 1638-1655).
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evaporite Unit 2 is notably thinner in this portion of the study area (Fig. 5. 13): the lower
evaporite subunit 2b is absent and the upper evaporite subunit 2a forms a thin and patchy
veneer over the flanks and crests of ridge

€2

with only a mild thickening toward the axes of

basins ~ 2 b and ~ 3 .. . Here, Unit 3 either immediately underlies subunit 2a where present, or
theM-reflector. Unit 2 thickens considerably in the easternmost portion ofthe study area,
where the upper evaporite subunit 2a is only confined to beneath basin ~ 2 " and pinches out
towards ridge

€ 2 (e.g.

Fig. 5. 14). The lower evaporite subunit 2b extends below theM-

reflector across ridge £2 with uniform thickness, but shows thickening towards both basins
~2 b

and ~ 3 " (Fig. 5.14). A minor depression of the sea floor occur above the crestal region

of c:2 . 1n the eastern portion of the study area, the internal architecture of Unit 3 is
characterized by a series of large asymmetrical folds consisting of long nor1h-dipping back
limbs and shorter and steeper south-dipping forelimbs. (Figs. 5. 13 , 5. 14).

5.1.3. Ridge
Ridge

t3
£3

is a large, generally double-crested anticlinal structure situated to the

south of ridge c: 2 (Figs. 5.1, 5.2). 1n the western portion ofthe study area, it stands as a
- 3 km wide structure with a nearly symmetrical cross-sectional geometry, rising - 750 ms
above basins ~ 3" and ~43, in the north and south, respectively (Fig. 5.15). The upper
evaporite subunit 2a, is generally thickest ( <100 ms) beneath the axes of basins ~ 3.. and ~ 4 "
and shows a rapid thinning towards ridge

€ 3,

attained by convergence of reflectors with

minor inter-stratal onlap. Subunit 2a is either underlain by the lower evaporite subunit 2b
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Fig. 5.15. Seismic reflection profile (FIX 1946-1963).
Top middle Plio-Quaternary subunit .
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(Fig. 5. 15) or by Unit 3 (Fig. 5. 16). Where present, subunit 2b blankets the folded strata
of Unit 3 with little thickness variations (Fig. 5. 15). [n Figure 5. 16, the base of subunit 2a
is marked by a strong reflector, which truncates the folded strata of Unit 3. Here, a
detached package of subunit 2a occurs over the crest of ridge
architecture of the core of ridge

£3

£3 .

The morphotectonic

is delineated by a series of symmetrical fold structure

in Unit 3 consisting of generally longer, gently north-dipping back limbs, and shorter and
steeper south-dipping forelimbs (Fig. 5. 15)
ln the central portion of the study area ridge £ 3 is a prominent structure displaying
an asymmetrical cross-sectional geometry defined by a long northern flank and a shorter
southern flank (Fig. 5. 17). The structure rises II 00 ms and 550 ms from the floor of
basins B3a and

B4 ,

respectively. The upper evaporite subunit 2a is thickest (300 ms)

beneath the floor of basin B3, and shows a dramatic thinning toward the crest of the ridge;
fur1her southward, it continues as a uniform-thickness package(< I 00 ms) along the
southern flank as well as beneath the axial trough ofbasin

B4 (Fig. 5.17).

The observed

thinning of subunit 2a i accomplished by the southward convergence of reflectors with
minor inter- tratal onlap. The lower evaporite subunit 2b appears as a 700 ms thick
lenticular package nestled in the crestal region of ridge £ 3 and shows a dramatic northward
thinning and pinch-out towards the center of basin

B3.'"

This package also displays a milder

outhward thinning and continues with a nearly uniform thicknes (- 200 ms) beneath the
floor of basin

B4 (Fig. 5. 17).

In the eismic reflection profiles, the morphotectonic

architecture of the core of ridge £ 3 is defined by a series of tight, a ymmetrical fold
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Fig. 5.16. Seismic reflection profile (FIX 1855-1873).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
Top basal Plio-Quaternary subunit - Top Unit 3
- M-reflector
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Fig. 5.17. Seismic reflection profile (FIX 1829-1844).
Top middle Plio-Quaternary subunit .

Upper evaporite subunit 2a

Top basal Plio-Quaternary subunit • Lower evaporite subunit 2b
- M-reflector

Top Unit 3
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structures in Unit 3, mimicking the general trend of the overlying base Unit 2, although
with gentler slopes along both southern and northern limbs (Fig. 5. 17).
Fw1her to the east, ridge c:3 becomes a broad structure (- 4 km) with the southern
segment being separated from its northern counterpart (i.e., c:31 ) by a shallow basin (i .e.,
~3 ;

Fig. 5.12). The boundary between the upper and lower evaporite subunits, 2a and 2b,

is not well-defined, although the base of Unit 2 can be traced through a relatively
continuous reflector (Fig. 5.12). Unit 2 blankets the folded successions of Unit 3 with
minor thickness variations(- 300 ms) in the central and southern po11ion of ridge c:3 , as
well as beneath the floor of basin ~ 4 , while it shows a northward thinning toward the axial
trough ofbasin ~ 3b (Fig. 5.12).
In the eastern portion of the study area, ridge c: 3 rises to a <200 ms below-seafloor depth and displays a triple-crested morphology (Fig. 5. 18). It exhibits an
asymmetrical cross- ectional geometry across its width with a relatively gently dipping
northern flank rising 650 ms above the floor of basin ~ 3 b and a mildly steeper southern
flank rising 700 ms from the floor of basin ~ 4 . Here, the upper evaporite subunit 2a is
thickest (- 200 ms) beneath the axes ofbasins ~ 3 band ~ 4 and shows rapid thinning towards
the flanks of ridge c:3, attained by the southward and northward convergence of the
reflectors wit h minor inter-stratal onlap. Whereas, it shows a discontinuous character in
the crestal area of ridge c:3 and lies with a nearly uniform thickness (< 75 ms) beneath the
M-reflector (Fig. 5.18). Subunit 2b defines a lenticular body that underlies subunit 2a
within the upper portion of ridge c:3 . It exhibits a prominent pinch-out towards both south
117
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Fig. 5.18. Seismic reflection profile (FlX 1729-1745).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
Top basal Plio-Quaternary subunit -

Top Unit 3
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E4

and north, and is not present beneath the floor of adjacent basins, ~ 3 b and ~ 4 (Fig. 5. 18).
Here, the boundary between subunits 2a and 2b is well-defined by the abrupt change in the
·eismic character. The morphotectonjc architecture of the core of ridge c.3 is defined by an
asymmetrical fold structure, which shows a clear parallelism to the morphology of the
overlying M-reflector (Fig. 5 .18). Further to the east, ridge c.3 appears attenuated (Fig.
5.19). Here, the gently folded morphology of theM-reflector does not reflect the largescale morphotectonic architecture of the core of ridge c: 3 , which consists of a series of
folds with long, gently nonh-dipping back limbs and a shorter, steeper outh-dipping
forelimbs (Fig. 5.19). ln this portion of the study area, the upper evaporite ubunit 2a
extends beneath ridge c.3 with a uniform truckness (250 ms), but subunit 2b is absent.

5. 1.4. Ridgr

e~

Ridge c.4 is a large generally cylindrical anticlinal structure situated to the south of
ridge c.3 (Figs. 5.1, 5.2). In the westernmost portion of the study area, the structure
stands as a huge wall, rising - 650 ms and > 1300 ms from the floors of basins ~ 4 b and ~ 5 ,
respectively (Fig. 5. 15). The upper evaporite subunit 2a is only present beneath the floor
of basin ~ 4 h and how a rapid thinning towards ridge

c.~ ,

attained by the southward

convergence of reflectors. The base of subunit 2a is delineated by a strong and continuous
reflector. In this area, the lower evaporite subunit 2b appears as a sizable package, which
is thickest in the crestal region of ridge c.4 but thins beneath basin ~ 4 b . Unit 3 exhibits an
internal geometry characterized by a series of tight asymmetrical folds consisting of long
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north-dipping back limbs and shorter south-dipping forelimbs (Fig. 5.15) In this portion
of the study area, the succession extending beneath basin
eismic refl ection profile. Further to the east, ridge

E4

~s is

not fully imaged in the

remain · as a prominent structural

high, although it appears narrower and displays a shorter southern flank rising 600 ms
from the floor ofbasin ~ 5 (Fig. 5.16). Here, the upper evaporite subunit 2a is confined to
beneath basins ~ 4 b and ~ 5 , where it extends with a uniform thickness, but rapidly pinches
out at the no11hern flank of ridge E4 . The lower evaporite subunit 2b appears as a
prominent sub-rectangular package in the crestal area of ridge

E4

and gradually thins

northward beneath subbasins ~ 4 • and ~ 4 b . The geometry of subunit 2b beneath basin ~ 5 is
situated beyond the limit of seismic profiles, thus remains undetermined. The internal
architecture of Unit 3 consists of a largely symmetrical fold structure, which generally
mimic the morphology ofthe reflector defining the base of subunit 2b (Fig. 5. 16).
Ln the central p011ion of the study area, ridge E4 loses expression and becomes a
part of a composite basin nestled between ridges c.3 and c.6 (Fig. 5.20). A thin veneer of
upper evaporite subunit 2a and the underlying thicker package of lower evaporite subunit
2b extend across this composite basin with no significant variation in thickness (Fig. 5.20).
Ln this porti on of the tudy area, Unit 3 directly underlies the lower evaporite subunit 2b
and displays a complex character associated with the interference of a set of off-plane
diffractions. However, the overall folded architecture of the unit is still visible in seismic
profiles. Further to the east ridge E4 displays a symmetrical cross-sectional geometry and
rises - I 00 ms and 350 ms from the floors of basins ~ 4 and ~ 5 , respectively (Fig. 5.2 L).
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Fig. 5.20. Seismic reflection profile (FIX 1838-1853).
Top middle Plio-Quaternary subunit .

Upper evaporite subunit 2a

Top basal Plio-Quaternary subunit • Lower evaporite subunit 2b
- M-reflector
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Fig. 5.21. Seismic reflection profile (FIX 1747-1762).
Top middle Plio-Quaternary subunit .

Lower evaporite subunit 2b

Top basal Plio-Quaternary subunit - Top Unit 3
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Fig. 5.22. Seismic reflection profile (FIX 1622-1639).
Top basal Plio-Quaternary subunit • Upper evaporite subunit 2a
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Here, a thin package of upper evaporite subunit 2a extends across ridge

t:4

and basin Bs

and continue northward towards basin ~ 4 b with a mild thickenjng. In this portion of the
study area, lower evaporite subunit 2b appears to be missing and Unit 3 directly underlies
subunit 2a, the base of which is marked by a strong and continuous reflector. The internal
architecture of Unit 3 is characterized by a number of asymmetrical tight fold structures
with long no11h-dipping back limbs and shorter south-dipping forelimbs (Fig. 5.21).
In the eastern portion of the study area, ridge

£4

appears to be narrower and

displays a no11h-slanted asymmetric cross-sectional geometry. The ridge crest rises 250
and 300 ms fro m the floor of basins ~ 4 and ~ 5 , respectively (Fig. 5. 18). Here, the sea floor
above the crest ofthe ridge is marked by a minor erosional high. The upper evaporite
subunit 2a extends with a unjform thickness across ridge

t:4

as well as beneath the floor of

basins ~ 4 and ~ 5 . The lower evaporite subunit 2b is absent and Unit 3 directly underlies
ubunit 2a. The base of the upper evaporite subunit 2a is delineated by a remarkable
reflector, which truncates the folded strata of the underlying Unit 3. The fold structures
that characterize Unit 3 exhibit a corrugated internal architecture which mimics the
morphology of the overlying M-reflector (Fig. 5.18). In the easternmost portion of the
study area ridge £ 4 is is poorly defined because of the intensity of the interference of the
off-plane diffractions; however the corrugated and folded internal architecture of Unit 3 is
clearly visible in seismic profiles (Fig. 5.22).

124

5.1.5. Ridge
l~id ge

E5

c: 5 is a major anticlinal structure situated to the south of ridge c: 4 (Figs. 5. I,

5.2). In the westernmost portion of the study area, it displays an a ymmetrical crosssectional geometry, rising> 1000 ms and 500 ms from the floor of ba ins ~ 5 and ~ 6 ,
respectively (Fig. 5.23). It creates a minor inflection on the sea floor. Detailed
examination of seismic profiles show that this region of the sea floor immediately above
the crest or c: 5 i erosional. The upper evaporite subunit 2a extends across ridge c: 5 and
beneath basin ~ 6 with a nearly uniform thickness , although it shows a local thickening
beneath the southern flank of the ridge. The upper portion of ridge c: 5 exhibits a complex
internal architecture consisting oftwo distinct but identical packages of ubunit 2a, which
is superimposed on one another separated by a detachment surface (Fig. 5.23) ln the
crestal region of ridge c: 5, the lower evaporite subunit 2b is mi ssing and ' ubunir 2a directly
overlie Unit 3. Here, the internal architecture of Unit 3 is not well imaged and the deep
floor of basin ~ 5 and the underlying older successions remain beyond the limit of seismic
reflection profiles. Further to the east, ridge c: 5 rises 500 ms and 400 ms above the floor of
basins ~ s and ~ 6 , respectively (Fig. 5. 16). The upper evaporite subunit 2a extends with a
uniform thickness beneath basin ~ 5 . lt shows an initial thinning towards the northern flank
of ridge c:5, but becomes thicker across the crestal portion of ridge c: 5 . Subunit 2a pinches
out towards the southern flank of ridge c:5 . Here, the lower evaporite subunit 2b is absent
and Unit 3 directly underlies the upper evaporite subunit 2a (Fig. 5. 16). The internal
architecture of Unit 3 i characterized by a gently northerly dipping homoclinal succession
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with minor fold .
In the central po11ion of the study area, ridge c5 rises I00-400 ms and I 00-250 ms
from the floors of basins

Ps and P6 (Figs. 5.20, 5.2 I).

The upper evaporite subunit 2a

extends benath theM-reflector across ridge c5 as well as the adjacent basins

Ps and P6 with

generally a uniform thickness. The lower evaporite subunjt 2b is present only in the
seismic reflection profile closer to the western po1tion of the study area (Fig. 5.20) and
cannot be traced further to east (Fig. 5.2 1). Where present, it exhibit a constant
thickness all across ridge c5 and beneath the floors of both basins

Psand P6 (Fig. 5.2 I).

Unit 3 underlies the upper evaporite subunit 2a and, where present, the lower evaporite
subunit 2b (Fig. 5.21). The boundary between Unit 2 and Unit 3 i marked by a strong
and continuous reflector. The internal architecture of Unit 3 is deli neat d by a series of
broad open a ymmetrical folds; however the lack of resolution in seismic profiles prevent
delineation of the detailed archjtecture of Unit 3 (Fig. 5.21 ).
Ln the eastern portion of the study area, ridge c5 displays a highly asymmetrical
external geometry, rising 150-400 ms and <1 00 ms from the floors of basins

Ps and P6

(Figs. 5. 18, 5. 22). The upper evaporite subunit 2a extends with a constant thickness
aero

ridge

E5

as well as beneath the floors of basins Ps and

P6 (Figs. 5. 18, 5.22).

The

overall thickness of subunit 2a appears to be slightly rugher in the easternmost portion of
the study area (Fig. 5.22). The lower evaporite suburut 2b is absent and subunit 2a lies
directly over Unit 3. The internal architecture of Unit 3 is defined a series of asymmetric
folds, which mimic the trend of the overlying M-reflector (Figs. 5. 18, 5.22).
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5.1.6. Locally Emerging Ridges (referred to as
5.1.6.1. Ridge

Ridge
basin

E,, Ey, E 13 , E 12 , E31 )

E 12

t: 12

is a major anticlinal structure, which locally emerges from the floor of

P2 in the eastern portion of the study area, separating the larger depocentre P2 into

two smaller subbasins,

P2• and P2b (Figs. 5.1, 5.2).

The structure shows an asymmetrical

cross-sectional geometry, rising 450 ms and 300 ms from the floor of subbasins

P2h, re

P2., and

pectively (Figs. 5. 13, 5. 14). Further to the east and west, the crest of the anticline

rapidly plunges and the tructure becomes indistinguishable from the adjacent basins (Fig.
5.1, 5.2). The evaporite succession Unit 2 exhibits different characters across the seismic
reflection profiles imaging ridge

t: 12 .

In Fig. 5.13, the upper evaporite subunit 2a is - 100

m thick beneath the floor of subbasin
ridge

t: 12 .

ridge

t: 12

P2, and shows rapid thinning and pinch-out towards

The lower evaporite subunit 2b forms a lenticular package in the crestal area of
and is separated from the underlying strata of Unit 3 by a prominent reflector

(Fig. 5.13). Whereas, further to the east, Unit 2 display a dramatic thickenjng. The upper
evaporite subunit 2a is confined to beneath the floor of subbasin

P2b, where it is thjckest

along the basin axis, and shows pinch-out towards the southern flank of ridge
5. 14). Here, the lower evaporite subunit 2b can be traced all across ridge
beneath subbasins P2 , and

P2 b.

p2., (Fig. 5. 14).

(Fig.

a well as

lt is thickest beneath the axial trough of ubbasi n P2b, hows

a mild thinning in the crestal area of ridge
subbasin

£ 12

£ 12

t: 12

followed by an abrupt thinning towards

Both the top and base of the lower evaporite succession is well

marked by a trong reflector across the seismic reflection profiles (Figs. 5. 13, 5. 14). The
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internal architecture of the core of ridge c: 12 is characterized by a large asymmetrical fold
structureofUnit 3 strata(Figs. 5.13, 5. 14 ).

5.1.6.2. Ridge

Ex

Ridge c:, is a wide, low-amplitude anticlinal structure limited to the we ternmost
portion of the study area (Figs. 5.1, 5.2). The crest of the structur di plays a concave
geometry and ri es 250 ms and 150 ms above the floor ofbasin
smaller subbasins, referred to as P4a and

P4 b (Fig.

P

4,

eparating it into two

5. 15). A thin, con rant-thickness layer of

upper evaporite subunit 2a extends below the M-reflector all across ridge Ex as well as
subbasins P 4 ~ and
subbasin

P
4

b

P4b.

It blankets the lower evaporite subunit 2b, which is thickest beneath

and shows a northward thinning towards ridge

Ex .

The boundary between

these two evaporite subunits is well defined along the southern flank
beneath subbasin

or ridge £, and

P4 b, but becomes less clear further to the north (Fig. 5. I 5)

nit 3

underlies the lower evaporite subunit 2b and exhibits an internal architecture consisting of
largely asymmetrical fold structures with long n01th-dipping back limbs and shorter southdipping forelimbs (Fig. 5.15).

5.1.6.3. Ridge

£3 1

In the central portion ofthe study area ridge £ 3 1 defines a locally prominent
anticlinal structure rising 150-300 ms abo ve basin
depocenter , p . and

p3b (Figs. 5. I, 5.2)

P3 and separating it into two smaller

The structure rise and broad n toward the east
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(Figs. 5. 12, 5. 13). The upper evaporite subunit 2a extends across ridge £ 1 1 as well as
beneath the floor of subbasins ~ 3 " and

~Jb

with minor thickness variation. In Fig. 5. 12, the

lower evaporite subunit 2b appears as a sizable package which directly underlie subunit 2a.
It is thickest along the axis of basin
region of ridge
basin

P

3b .

£ 3 1,

P

3.,

and shows a mild thinning towards the crestal

which is followed by a rapid thinning towards beneath the fl oor of

Unit 3 underlies subunit 2a, or where present subunit 2b and exhibi ts an internal

architecture consisting of a series of fold structures with long no11herly-d ipping back limbs
and shorter southerly-dipping forelimbs (Figs. 5 .12, 5.13).

5.1.6.4. Ridge ey

Ridge

Ey

is a major local anticlinal structure that emerges from the fl oor of basin ~ 4

in the eastern po11ion ofthe study area, separating this large basin into two smaller
subbasins:

P4,

and ~ 4 b (Figs. 5.1, 5.2). The structure rises 200 ms and 300 ms from the

floor ofthe subbasins P4 .. and

P

4b

(Fig. 5.22) and display an erosional sea t1oor above its

crest. The upper evaporite subunit 2a extends all across ridge

£ \'

as well as beneath the

floors of the adjacent basins. lt shows a gentle thinning towards the no11h accomplished
by onlap of internal reflectors against the nol1hern flank of ridge Ey. The base of the upper
evaporite succession is delineated by a moderately continuous reflector . The lower
evaporite subunit 2b is absent, and Unit 3 directly underlies the upper evaporite subunit
2a. The internal architecture of Unit 3 is characterized by a series of open fold s (Fig.
5.22).
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5.1.6.5. Ridge

Ridge

t 13

£ 13

is a remarkable but local anticlinal structure, developing above the floor

of basin ~ 2 in the western portion of the study area, separating it into two smaller
subbasins, ~ 2" and ~ 2 b (Figs. 5.1, 5.2). lt is a 3 km wide structure with the crest rising 900
ms and 300 ms from the floor ofthe subbasins ~ 2, and ~ 2 b (Fig. 5.9). The ea floor above
the crest of the ridge is erosional in character and marks a minor depre sion. The upper
evaporite subunit 2a is confined to beneath subbasins ~ 2a and ~ 2h, and is thickest along the
hinge lines. It shows a pinch-out towards ridge

£ 13,

attained by the nor1hward and

southward convergence with minor inter-stratal onlap. The base of subunit 2a is marked
by a prominent reflector. The lower evaporite subunit 2b is thickest across ridge £ 13 (Fig.
5.9). The base of the lower evaporite succession is defined by a fairly continuous and
strong reflector. Unit 3 directly underlies the evaporite succession of Unit 2 and displa s
and internal architecture consisting offolds with gently dipping back li mbs and forelimbs .

5.2. Pliocene-Quaternary Basins

The Pliocene-Quaternary sedimentary architecture of the central portion of the
Antalya Basin is characterized by the morphology of theM-reflector which delineates a
series of NW -SE trending, elongate deep depressions. Most of these basins are situated in
deep Antalya Bay, seaward of the continental slope (i.e. abyssal plain basins); however, a
few basins also occur between the present-day coastline and the base of continental slope
(shelf and slope ba ins). Figure 5.1 shows the areal distribution of the abys al plain basins,
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referred to as

P1 to P6 and their bounding ridges £ 1 to £ 5 .

These basins are d scribed in the

fo llowing pages in terms of their stratigraphic architecture and their external geometries as
defined by the isopach map ofthe Pliocene-Quaternary succession over theM-reflector
(Fig. 5.2). The identification ofthe internal architecture is done using a seismic sequence
stratigraphical analy is approach.

5.2.1. Shelf and Slope Basins

Several mall isolated elongate basins occur nestled along the shelf and the
continental slope of the Antalya Basin (Fig. 5.2). These basin are further subdivided
based on their internal stratigraphic architecture into (1) shelf basins and (2) slope basin .
The shelf basins occur between the present-day coastline and the shelf edge at
- 120 m water depth, and are characterized by a seaward thickening Pliocene-Quaternary

wedge over theM-reflector (Figs. 5.2, 5.24, 5.25). Laterally, these basins are bounded by
the heads of submarine canyons which disect the helf edge and upper continental slope
(e.g. Fig. 5.26). The internal architecture of the shelf basins is generall y charact erized by a
seaward prograding clinoform package that shows vertical stacking of individual
prograded units. The most prominent of these occur at the present-day she! f break where
a distinct shelf-crossing unconformity delineates the top of the uppermost prograded
package. Internally the oblique progradatio nal clinoforms suggest that most sediments are
used for seaward progradation with little or no vertical stacking for the middle-to-upper
Pliocene-Quaternary (Fig. 5.24). A nearly uniform-thickness package with mainly gently
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seaward-dipping reflectors locally forms the base of the Pliocene-Quaternary succession
and rests unconformably over the M-reflector
ln nearly all seismic profiles, the shelf edge is marked by a distinct set of
moderately to steeply seaward-dipping detachment surfaces that truncate mo t of the
upper to middle Pliocene-Quaternary succession, each detachment leaving a distinct scar
and step on the sea floor (e.g. Figs 5.24, 5.25). In some profiles these detachment
surfaces display progressively flattened trajectories seaward, becoming emergent at the sea
floor (e.g. Fig. 5.24). Yet in others, the detachment surfaces merge along common,
bedding-parallel discontinuities (e.g. Fig. 5.25). As a result, the upper egment of the
slope, immediately seaward of the shelf edge includes a series of tacked and seaward
shingled wedge-shape bodies (Fig. 5.25).
Slope basins occur between the shelf edge and the base of slope, and are
characterized by an interplay between deposition along the continental margin and gravitydriven slope processes, leading to the development of isolated Pliocene-Quaternary
packages in the isopach map (Fig. 5.2). Slope basins are well-delineated throughout the
continental slope, although, they are better developed along the lower lope where the
slope gradient is significantly lower than the upper slope. In the steeply dipping upper
ponion of the slope, the architecture of the Pliocene-Quaternary succe ion i
characterized by a number ofwedge shaped bodies situated above bedding-parallel
detachment surfaces that occur at various levels within the succession (Figs. 5.25, 5.27).
These detachment surfaces have high-angle trajectories in the upper portion of the
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Pliocene-Quaternary succession, but become gentler as traced down section, where they
merge in a common detachment surface. Where exposed on the sea flo or, the M-reflector
coincide with thi common detachment urface. Generally, the internal architecture of
the wedge-shaped packages display a chaotic seismic architecture with little coherent
continuous reflections. Truncation of the upper strata at the sea floor is clearly visible
across almost all seismic reflection profdes. In the lower slope regions where the slope
gradient is small, a thicker, well-stratified package of Pliocene-Quaternary strata with an
undisturbed internal archjtecture occurs (Figs. 5.28, 5.29, 5.30). Occasional small
perched-basins occur along the lower slope (Fig. 5.31).

5.2.2. Abyssal Basins

All basins in the study area define northwest-southeast trending elongate ynclines,
nestled between the imilar-trending ridge , with doubly-plunging ·ynclinal axe (Fig 5. 1).

5.2.2.1. Basin

p,

Basin~~ is a large depocentre situated between the base of Turkish continental

lope in the no11h and ridge

£1

in the south. Isopach map of the Pliocene-Quaternary

succession show that basin~~ con ists of three subbasins (Fig. 5.2). The western and
central subbasins comprise the deep p01tion, whereas the eastern basin comprises the
shallower portion ofbasin ~ 1 . The western subbasin is 30 kmlong and 12 km wide, and
shows an a mmetrical cross-sectional geometry across its width with the axial trough in
I 9
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Fig. 5.29. Seismic reflection profile (FIX 1789-1773).
Top middle Plio-Quaternary subunit .

Upper evaporite subunit 2a

Top basal Plio-Quaternary subunit • Lower evaporite subunit 2b
M-reflector
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Fig. 5.30. Seismic reflection profile (FIX 1698-1709).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
- M-reflector

-

Top Unit 3
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the lowest portion of the Pliocene-Quaternary succession being located in the southern
segment of the basin (Figs. 5.3, 5.4). The central subbasin is 20 km long and 7 km wide,
and display a symmetrical cross-sectio nal geometry across its width . These two
subbasins are connected with each other through a narrow sill. The eastern subbasin is 30
km long and is considerably narrower than the northern and central subbasins, although its

northern boundary is not well-defined in eismic profiles.
All thre

ubunits of the Pliocene-Quaternary succession are present throughout

basin ~ 1 . The thickness variation and the internal architecture of the Pl iocene-Quaternar
basin fill in western and central subbasins how notable similarities (Fig. 5.2). Across
these subbasins, theM-reflector defines a gently south-dipping erosional surface marking
the northern flanks of these depocentres. It extends as high as the depositional surface
along the contin ntal lope, locall becoming exposed on the seafloor, wh re it creates a
sharp boundary between the basin ~~ and the slope basins at higher elevations. Further in
the central portion of these subbasins, the M-reflector shows a concave geometry
delineating a narrow trough. Traced toward the south, theM-reflector defines a steeply
northeast-dipping surface along the northern flank ofthe ridge E1 (Fig 5.3, 5.4, 5.5). The
Pliocene-Quaternar

uccession is thicke t in the ' Outh-central port ion , or the we tern and

central subba in and shows dramatic overall thinning to the northea t and outhwest.
Within the deepest portion and along the axial trough of both the we tern and central
subbasins the lowermost portion of the Pliocene-Quaternary succession exhibits a
conformable contact with the underlying M-reflector. A similar relationship is generally
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observed along the northeastern slope of ridge

£ 1,

where the lower and middle Pliocene-

Quaternary subunits define a northeast-dipping homoclinal succession (Figs. 5.3, 5.5, 5. 7,
5.8). ln both the western and central subbasins, the lower to upper subunits of the
Pliocene-Quaternary succession show a remarkable northward progressive onlap over the
M-reflector. The total thickness of the Pliocene-Quaternary succession lost to onlap
ranges from 900 ms in central subbasin to 1100 ms in western subbasin. Within the
western and eastern subbasins, the upper Pliocene-Quaternary subunit also displays a
prominent south-directed progressi ve onlap over a local unconformity devel oped at the
top of middle Pliocene-Quaternary subunit along the northeastern flank of ridge

£1

(Figs.

5.3, 5.6, 5.8). In the southern portion of the western subbasin, the Pliocene-Quaternary
succession is characterized by a symmetrically-corrugated internal architecture, which is
also reflected on the morphology of the sea floor (Fig. 5.4). One of the most prominent
elements of this architecture is the moderately southwest-dipping internally parallel
detachment surfaces that frequently curve into bedding-parallel surfaces. This corrugated
morphology of the Pliocene-Quaternary succession is not represented by the morphology
ofthe M-reflector. Along the northernmost portion ofthe basin

P1, a num ber of thin ( 10

ms-thick) wedge-shaped and/or lenticular seismic packages are identified within the upper
Pliocene-Quaternary succession (Fig . 5.3, 5.5) The base of the e thin unit are often
marked by small, local unconformities. These units are generally stacked one on top of
the other and display weak and/or chaotic internal seismic expression (e.g. Fig. 5.5).
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5.2.2.2. Basin

P1u

Basin ~~" is a small depocentre situated between ridges

E1

and

E 11

(Figs. 5. I , 5 .2,

5.3, 5.4). lt can only be traced from the n011hwestern to the central segment of the study
area through a strike length of 4 7 km and a width of 20 km. lt shows an asymmetrical
cross-sectional geometry across its width. The basin loses its expres ion in the eastern
segment ofthe study area, where ridges

E1

and

E 11

merge (Figs. 5. I, 5.2) . The floor ofthe

basin ~ 1 , is well-imaged in seismic profiles where theM-reflector defines a narrow
depression (Fig. 5.3). Traced from the northwest to the southeast, the overlying PlioceneQuaternary succe ion shows an abrupt thickening to 1050 ms, followed by a gradual
thinning to 3 50 ms.
In the nor1hwestern segment of~~ "' the lowermost portion of the PlioceneQuaternary succession shows a prominent northeast-directed downlap over the Mreflector along the axis of the basin (Fig. 5 8). However, the lower-to-upper subunits of
the Pliocen -Quaternary succession show a notable southwest-directed onlap against the
M-reflector along the northern flank of ridge e1 1> while along the southern flank, they
display a conformable contact with the underlying M-reflector. The overall nor1heastdipping character ofthe reflectors within the Pliocene-Quaternary ucce sion defines a
'roll-over' geometry. This unique internal geometry is more pronounced in the
northwestern segment of the study area, where, the reflectors within th upper subunit of
the Pliocene-Quaternary succession are truncated at the seafloor. Towards the southeast
where the roll-over starts to lose its expression, the tilted character of the reflectors
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becomes confined to the lower portion of the Pliocene-Quaternary succes ion and the
middl e to upper subunits follow the morphology of the seafloor (Figs. 53 , 5.4).

5.2.2.3. Basin 13 2

Basin
£2

P2 is a very large depocentre situated between ridge £ 11 in the north and ridge

in the south (Figs. 5.1, 5.2). In the survey area, basin

P2 con ists of three

46 km long and 32 km wide western subbasin, the 26 km long and

ubbasins: the

km wide central

I)

subba in, and the 40 km long and 18 km wide eastern subbasin. The development of
ridges

£ 13

in the west and

prominent subbasins:

£ 12

in the east pa11itioned the larger depocentre

P2• and P2b (Figs. 5.1 , 5.2, 5.9, 5.13).

P2 into two

In the northwestern portion of

the study area the axial trough of basins P2" and P2b progressively converge toward the
southea t as o iated with the southeast plunge of the crest of ridge
Similarly, in the outhern portion of the study area, the axis ofbasin

£ 13

(Fig. 5. 1).

P2a and P2b converge

toward the northwest associated with the no11hwest plunge of the crest of ridge £ 12 (Fig.
5.1). The merging of these basins resulted in the development of a somewhat narrower,

but remarkably deep basin within the central egment of the study area (Figs. 5. I , 5.2, 5.6,
5.l 0, 5. I I) . l opach map of the Pliocene-Quaternary succession clearI shows this basin
architecture (Fig 5.2) .
In the southeastern portion ofthe study area there are two internally para llel
subbasins {P2a and

P2b) which contain 650-1100 ms of Pliocene-Quaternary sediments over

the M-reflector. The northern of these two subbasins, ~2., is significantly deeper than its
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southern counterpart P2b. The Pliocene-Quaternary succession rapidly thin northward in
subbasin

P

2..

from - 11 00 ms along the axial trough to <200 ms over the crest of ridge

£ 11

(Figs. 5. 13, 5. 14). This dramatic thinning is accomplished by rapid north-directed onlap of
the lower to upper Pliocene-Quaternary ubunits over the southern fl anks of ridge

£ 11 ,

but

also aided by a noticeable north-directed convergence of the middle and upper PlioceneQuaternary subunits (Fig. 5.13). The Pliocene-Quaternary succession in subbasin
thins toward the south over the crest of ridge
thinning and generally drapes over ridge

£ 12

£ 12 .

P2" also

The lower subunit show very mild

with a uniform thickness, wh reas the middle

and/or upper Pli ocene-Quaternary subunits show a south-directed onl ap and convergence
(Figs. 5. 13, 5. 14). Along the southeastern p01tion ofthe study area the lower PlioceneQuaternary subunit forms a nearly uniform thickness drape over the ridges
well as across the subbasin

P

2"

£ 12

and

£2 ,

as

(Fig. 5. 13). However, the middle subunit displays a very

prominent outh-directed progre sive onlap over the northern fl ank or ridge

£ 2,

with only

the up permo t trata of the middle subunit and the lowermost strata of the upper subunit
overstepping the crestal region of £ 2. The upper Pliocene-Quaternary subunit also thins
toward ridge £ 2, where thinning is largely accomplished by south-directed convergence
and minor onlap (Fig. 5.13). Further to the south, the near uniform drape geometry of the
lower Pliocene-Quaternary subunit is still vi ible across subbasin
toward the crest of ridge

£2

P2", with a mild thinning

(Fig. 5. 14). Here, the Pliocene-Quaternary subunits exhibit a

dramatically different internal stratigraphic architecture than that observed further to the
north. The reflectors within the middle subunit show an apparent, south-directed
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progressive downlap either on reflector · of the lower subunit or over a prominent reflecLOr
within the middle Pliocene-Quaternary subunit (Fig. 5.14). The middle and upper
Pliocene-Quaternary subunits display mild thinning over the ridge

E2,

where the gentle rise

in the elevation of the M-reflector is matched by concomitant lowering of the sea floor.
This thinning is accomplished by south-directed convergence ofthe upper and middle
subunits (Fig. 5. 14).
ln the southwestern portion of the study area, the floor of the ubbasins ~ 2a and ~ 2 b
progressively ri e toward the no11heast where they converge over a narrow ill situated at
-700-800 ms elevation below the sea floor (Figs. 5.1, 5.2). Further to the no11hwest, the
axial trough of the combined subbasins ~ 2" and ~2 b (i.e., basin ~ 2 ) within the central portion
of the study area sharply deepens, but rises again near the region of outhward converge
of the axis of subbasins ~2" and ~ 2 b in the northwestern portion of the tudy area (Figs. 5. I ,
5.2). Basin ~ 2 exhibits a symmetrical cross-sectional geometry across its width with the
axial hinge line of the depocentre remaining stationary throughout the depo ition of the
entire Pliocene-Quaternary succession (Fig. 5.11).
The Pliocene-Quaternary succession is > 1400 ms thick within the deepest portion
ofbasin ~ 2 , but hows a remarkable outh- and north-directed thinning to < 300m acros
ridges

E

2

and

E

11

,

re pectively (Figs. 5.2, 5.6, 5. 11 ). Similar to ubba ins ~ 2 ., and ~21, the

lower portion of the lower Pliocene-Quaternary subunit defines a nearly uniform thicknes
drape succession blanketing the ridges e11 and

E2,

as well as the floor of basin ~ 2 , thus,

does not contribute to the observed variations in the Pliocene-Quaternary thicknes (Fig
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5. 6, 5. I 1). The observed dramatic thinning of the Pliocene-Quaternary succession is

accomplished by a marked convergence of mainly the middle and upper subunits toward
the ridges, which is associated with multiple phases of onlap over internally-converging
reflector . Thus, a number of stacked unconformities are developed a ro s the northern a
well as southern flanks of ridges

£2

and

£ 11>

with the amount of section missing due to

onlap progressively increasing toward the central region of the ridges (Figs. 5.6, 5.11).
These unconformities can be readily traced toward the basin ~ 2 where they form an
invariably conformable sequence. Detailed examination of seismic reflection profiles
shows that the sea floor is locally erosional over the crest of both ridge

£2

and

£ 11

(Figs.

5.6, 5.11).

Isopach map and seismic reflection profiles show that subbasins ~ 2.. and ~ 2 b in the
northwestern portion of the study area constitute two large and deep depocenters
containing - 900-1200 ms of Pliocene-Quaternary sediments over theM-reflector (Figs.
5.2, 5.9, 5. 10). The no11hern subbasin ~ 2 ., is noticeably narrower, but de per than the

southern subbasin ~ 2b. ln subbasin ~ 2" the Pliocene-Quaternary succession thins toward
the bounding ridges to <800 ms and < 700 ms, where thinning is achieved by progressive
north- and outh-directed inter-stratal onlap towa rd the ridges

£ 11

and

£ 13 ,

respectively a

well as a pronounced convergent reflection configuration toward the bounding ridges .
Similar to that observed in the southeastern portion of the study area, a number of stacked
unconformities are identified along the flanks of ridges £ 11 and

£ 13 ,

which themselves

display a convergent pattern toward the ridges (Figs. 5.9, 5.10). Detailed examination of
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seismic refl ection profiles shows that the sea floo r is clearly locally erosional over the
crests ofridges E 11 and

E13

(Figs. 5.9, 5.10). Subbasin

P2.. is clearly asymmetric in cross-

section aero sits width, with the center of depocenter in the lower Pliocene-Quaternary
subunit being located furthest to the north, shifting southwards during the deposition of
the middle and upper Pliocene-Quaternary subunits.
The broad internal stratigraphic architecture of subbasin
the elevation of its bounding ridges

E2

and

P2b is largely controlled by

ln the westernmost segment of the study

E 13 .

area, c: 13 define a prominent ridge with a clear sea floor expression. Here, ridge

E2

is much

attenuated and is barely perceptible within the deep basin. In fact, a clear boundary doe
not exist between subbasin

P

2b

and

P (Fig. 5.9).
1

Whereas further to the southeast, ridge

E2

become a very prominent structure ri ing to a much shallower ubbott om depth, where it
also displays a notable expression on the sea floor. Here, a small early PlioceneQuaternary strata onlap the southern flank of the ridge E 13 . However the lower portion of
the middle Pliocene-Quaternary subunit oversteps the crest of ridge

P2• and P2b into a larger depocenter.

E13 ,

merging subbasins

ln regions where ridges define prominent structures,

the Pliocene-Quaternary succession is notably thin. The thinning is achieved by
progressive south-directed onlap over ridge
directed onlap over ridge

E13,

E2

such as seen in Figure 5. 10, or north-

such as seen in Figure 5.9. ln both cases a number of

stacked unconformities are also clearly visible in these regions.
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5.2.2.4. Basin

P3

Basin ~ 3 consists of two internally parallel nortwest-southeast trending depocentres
that are situated between ridges c:2 and
lateral extent,

£ 31 ,

£3

(Figs. 5 .I, 5.2). A small ridge with limited

separates the northern basin ~ 3 • from the southern basin

~Jb ·

Isopach

map shows that basin ~ 3 " includes three subbasins which are separated from one another
by shallower sills created by the higher elevation of the basinal hinge line relative to the
deeper segments in the subbasins (Fig. 5.2). The eastern and western subbasins are
narrow (<5 km) and contains a thin Pliocene-Quaternary fill

of ~ 700

m , whereas the

central subbasin is broader (~ 10 km) and contains a greater thickness (~ 1300 ms) of
Pliocene-Quaternary sediments (Figs. 5.2, 5.9, 5. 10, 5.12, 5.13, 5.14, 5. 17). 1n the
western portion of the study area, basin ~ 3 • constitutes the southern segment of a larger
composite basin

(~ 3 b+~ 3 a)

the east, ridge

defines a prominent structural feature with a notable expression on the

£2

which extends between ridges

£ 13

and

£3

(Fig. 5.9). Further to

sea floor (Figs. 5. 10, 5.17). Here, the Pliocene-Quaternary succession shows dramatic
thickness variations across the width of basin ~ 3 ,., as well as longitudinally along its axis,
deduced from comparisons ofthicknesses in consecutive seismic profiles (e.g. Figs. 5.10,
5.12, 5. 17). Within the deepest portion ofbasin

03., the observed thinning toward ridges

c:2 and c:3 is attained by spectacular north- and south-directed convergence where thickness
reduction from

~ 1400

ms to ~300 ms is achieved by thinning of individual reflection cycles

rather than onlap or erosion (Fig. 5. 17). Stacked multiple unconformities are only
observed along the steep flanks as well as over the crestal regions of ridges c:2 and c:3 . The
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sea floor over the crestal regions of both ridges c: 2 and c: 3 is erosional (Fig. 5. 17). One of
the most striking attributes of basin ~ 3 " is its cross sectional symmetry illustrated by the
spatial stability of the basinal hinge line throughout the deposition of the entire PlioceneQuaternary ucce ion (Fig. 5. 17).
Fur1her to the east, the floor of basin ~ 3 ., climbs over the combined ridges c:2 , c: 31
and c: 3, east of which basin ~ 33 can no longer be traced in seismic reflection profiles (Figs.
5.12, 5. 13). But here, another basin (i .e.

P3b) emerges between ridges c:31 and c:3 .

The

southern ba in, ~ 3 b, includes two subba ins, ofwhich the western one i · narrow(<4 km)
and well-defined by ridge c:31 in the nonh and ridge c:3 in the ·outh, wherea · the eastern
subbasin is a wider (- I 0 km) depocentre bounded by ridges c:2 and c: 3 (Figs. 5.2, 5. 12,
5.13, 5.14). Basin P3b is asymmetrical in cross-section across its width, with the center of
depocentre in the lower Pliocene-Quaternary subunit being located in the south, shifting
northward during the deposition of the middle-to-upper subunits (Fig . 5. I 2, 5. 13). The
thickne

of the Pliocene-Quaternary sediments in the deepest portion of basin ~3 b is - 600

ms and do not show any major variation throughout the study area (Fig. 5.2).
ln the central segment of the study area ridge c:31 defines a minor structural high
and comprises the northern boundary of basin
sea floor over the ere tal region of ridge

£ 31

P

3b

(Figs. 5.1, 5.2, 5. 12, 5. I 3). Here, the

is erosional (Fig 5 12 ). The Pliocene-

Quaternary succes ion overlying the M-refl ctor along the hinge line o l' the basin

P

3b

thins

to 50-300 ms towards ridge c:31 in the north and to 50- 150 ms towards c:3 in the south.
The thinning is mostly accomplished by north- and south-directed convergence as well as
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the on lap of the lower-to-upper subunits over ridge £ 3 , with the co ntribution of interstratal onlap observed at various levels within the Pliocene-Quaternary succession (Figs.
5.12, 5.13).
ln the easternmost segment ofthe study area, ridge £ 31 becomes attenuated and
ridge

£2

delineates the northern basin boundary (e.g. Fig. 5.14). Here basin ~3 " is still

visible as a narrow depression, north of a deep seated ridge £3 ~> but it is clearly merged
with the larger basin ~ 3 b (Figs. 5.2, 5.14). In this region the internal architecture of the
Pliocene-Quaternary deposits differ from that in the western continuation of the basin (see
Fig.5.14). The lower subunit ofthe Pliocene-Quaternary succession is thickest in the
central portion of basin ~ 3 b, but thins over ridge
ridge

£ 2.

£ 31,

abutting the lower southern slope of

The subunit gradually thins to the south over ridge

£ 3,

but continues thinning into

basin ~4 a (Fig. 5.22). The middle po1tion of the Pliocene-Quaternary succession is thickest
in the central portion ofbasin ~ 3 b, thinning both north and south. However, the reflectors
defining the upper portion ofthe subunit form a convex geometry immediately above the
concave floor of the basin ~ 3 b, broadly delineating a lenticular package (Fig. 5. 14). The
uppermost Pliocene-Quaternary subunit is thinnest within the central p011ion basin ~ 3 b, but
thickens notably to the south over the ridge £ 3, and mildly over ridges
prominent detachment surfaces are developed over ridge

£ 3,

£ 3 1 and £ 2 .

where the upper and middle

Pliocene-Quaternary subunits show prominent no11hward progressive onlap .
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Three

5.2.2.5. Basin

P4

Basins ~ 4 consists of a large depocentre situated between ridge E3 in the north and
ridge

E4

in the south. The development of ridges

Ex

in the westernmost and

Ey

in the

easternmost portions of the survey area partitioned basin ~ 4 into two subbasins,

P4., and P4b

(Figs. 5. 1, 5.2, 5. 15, 5.22). In the west, the axial troughs of these subbasins progressively
converge toward the southeast associated with the southeast plunge of the crest of ridge
Ex,

and in the east, converge toward the northwest associated with the northwest plunge of

the crest of ridge

c.Y

(Figs. 5.1 , 5.2). The resultant single depocentre,

portion of the study area is much deeper than subbasins
E3

to ridge

E5

P4,

in the central

P4., and P4b , and extends from ridge

in the southern p01tion of the study area (Figs. 5.1, 5.2, 5. 16, 5. 18, 5.20).

The overall width of basin

P4 varies between 2 km and 7 km through a length of 120 km

across the seismi c profiles (Fig. 5.1 , 5.2).
ln the western portion of the study area, each of subbasins ~ 4.. and ~ 4 b contains
- 750 ms of Pliocene-Quaternary sediments over theM-reflector. In subbasin

P

4 .. ,

the

Pliocene-Quaternary succession thins northward from 750 ms along the basin axis to 400
ms over the crest of ridge

E3 (Figs.

5. 15, 5 16). This thinning is mostly accomplished by

northward convergence ofthe middle subu nit with minor inter-stratal onlap, mainl y in the
upper subunit, while the lower subunit drapes over ridge

E3

with an almost uniform

thickness. The Pliocene-Quaternary deposits also thins southward to 550 ms over the
crest of ridge c.~, accommodated by the southward convergence of the middle subunit (Fig.
5. 15, 5 .16). The lower subunit gently thickens over the crest of ridge
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Ex

where theM-

reflector delineates a minor low. Here, the reflectors within the lower subunit to lower
portion of the middle subunit exhibit a transition from a synformal to an antiformal
character when traced up section (Fig. 5.15). In basin

P4 b, the mild northward thinning of

the Pliocene-Quaternary succession is accomplished by the northward convergence of the
middle-to-upper subunits, while the lower subunit maintains its thickness along the floor of
the basin, but becomes thicker over ridge

Ex,

similar to that observed in basin ~ 2 " . In the

northwestern pot1ion of the study area, ridge E4 is a large, high amplitude structural
feature with the crest lying near or at the sea-floor, where it creates two prominent
erosional steps on the sea floor (Fig. 5. 15). The Pliocene-Quaternary succession rapidly
thins southward in subbasin P4b from 650 ms along the basin axis to < 10 ms over the crest
of ridge

E4 .

This dramatic thinning is attained by rapid south-directed convergence of the

lower to upper subunits of the Pliocene-Quaternary succession, as well as prominent
south-directed onlap over a series of stacked unconformities particularly within the upper
subunit. Further to the east, subbasins

P4a and P4b merge to form a larger and deeper basin

P as the anticlinal axis of ridge Ex plunges toward the southeast (Figs. 5.1, 5.2, 5. 16) .
4

Here, 550 to 800 ms ofPliocene-Quaternary sediments overlie the floor of basin

P4

defined by a corrugated M-reflector. The Pliocene-Quaternary succession thins northward
from -650 ms along the axial trough to 300 ms over the crest of ridge

E3

(Fig. 5. 16) . This

thinning is accomplished by a north-directed convergence of the middle subunit as well as
the onlap of the upper subunit reflectors over a converging middle subunit package.
Across the floor of basin

P4, the lower subunit and the lower pot1ion of the middle subunit
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drape over the wavy M-reflector with minor thinning over the ere tal regions of the minor
anticlines delineated by the corrugated M-reflector. The southward thinning of the
Pliocene-Quaternary sediments to <250 ms is realized by the abrupt termination of the
lower to middle subunits against the northern flank of ridge c:4 (Fig. 5. 16) . Here, the upper
subunit maintains its thickness and drapes over ridge c:4 (Fig. 5. 16).
In the central portion of the study area, basin ~ 4 loses its distinct expression and
merges with basin

~ 5 and ~ 6

a both ridges c:4 and c: 5 plunge towards the ·outheast, and

thus losing their expression, and becoming a larger composite basin. Here, the PlioceneQuaternary succe sion is >550 ms thick along the axial trough of the composite basin ~4 ,
but shows a notable north-directed thinning to 300 ms across ridge c:3 (Figs. 5.2, 5.20).
Several stacked unconformities that are marked by progressive onlap delineates northward
converging packages of middle-upper Pliocene-Quaternary subunits in the northern
po11ion of basin ~ 4 , which accommodate the observed thinning of the Pliocene-Quaternary
deposits. The lower Pliocene-Quaternary subunit appears undisturbed and basically
drapes over ridge c:3 as well as the rugged M-reflector across the floor of basin ~ 4 .
In the eastern portion of the study area, ridge , 5 rises again and stands as a major
structural high marking the southern boundary of basin ~ 4 (Figs. 5 I , 5.2, 5. 21 ). The
Pliocene-Quaternary succession thins no11hward and southward from 600 ms along the
basin axis to < I 0 ms and

~3 50

ms over the crest of ridge c:3 and c:4, respectively (Fig.

5.21 ) . This notable thinning is achieved mainly by north- and south-directed on lap of the

lower to middle portion of the middle Pliocene-Quaternary subunit over ridges c: 3 and c:4 ,
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with significant contributions from northward- and southward-converging middle-to-upper
Pliocene-Quaternary packages, which also show inter-stratal onlap. Further to the east, a
structural high with double hjnge, ridge Ey partitioned the larger depocentre ~ 4 into two
prominent subba ins, ~ 4 ., and ~ 4 b (Figs. 5. 1, 5.2, 5. 18, 5.22) . The 750 m thick PlioceneQuaternary succession along the axial trough of the basin rapidl y thin , to - 500 ms over
the crests of ridge
and

E4

Ey

The succession further dramatical ly thins to <200 ms over ridge

E3

fwther to the notth and south, re pectively (Fig. 5.22) . Thi th inning is mostly

accommodated by the progressive north- and south-directed onlap of the middle-to-upper
subunits of the Pliocene-Quaternary succession over the lower subunit, which blankets the
rugged M-reflcctor across basin ~ 4 with little or no thickness variation (Fig. 5 . 18). The
reflectors within the upper portion of the middle subunit as well as the upper subunit of
the Pliocene-Quaternary succession show progressive onlap over a prominent reflector
which can be traced across basin ~ 4 , and defines a clear unconformity (Fig. 5. 18). The
sedimentary package situated above this unconformity also exhibits inter-stratal onlap.
In th ea sternmost portion or the 'tudy area, the crests or ridgl! c:1 ri ses to a depth
of - 250 to 300 ms below sea floor (Fig 5.22) . Here, the lower subunit drape · over the
structural highs with little or no thickness variation . However, the internal architecture of
the rruddle to upper Pliocene-Quaternary subunits display a highly deformed character.
The thinning of the Pliocene-Quaternary succession from 5 50 ms along the axis of basin
~ 4 .,

to 250 ms and 200 ms over the crests of E3 and

Ey,

respectively, is accomplished by a

series of very complex onlap and erosional truncation (Fig. 5.22) . Along the southern
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flank of ridge

£ 3,

a diverging package of middle ubunit reflectors show north-directed

onlap over an unconformity surface developed within the upper portion of the lower
subunit. When traced up section toward the crest of the ridge, the reflector · within this
package roll over the prominent unconformity surface displaying a higher angle onlap (Fig.
5.22). The top of this prominent package is defined by another notable unconformity,
over which middl e to upper subunits of the Pliocene-Quaternary deposits show onlap.
These unconformities, as well as the complex internal architecture of the middle-to-upper
subunits can be traced into the southern half of subbasin ~ 4, and over the ere t of ridge E) .
The southern subbasin, ~ 4 b, is shallower

(~350

ms) than its northern counterpart (Fig . 5 2,

5.22). Here, the upper portion of the middle subunit and the upper subunit how northand south-directed progressive onlap over an unconformity identified within the middle
Pliocene-Quaternary subunit, although the exact stratigraphic relationship wi thin Unit l is
not certain (Fig. 5.22). The base of this ubunit clearly truncate the entire lower
Pliocene-Quaternary succession across the crest of ridge Ey (Fig. 5.22). ln the eastern
portion of the study area, the crests of ridges

£3

and

£4

is an erosional surface on the sea

floor.

5.2.2.6. Basin

Basin

f~s

~s

is a major depocenter situated between ridges

£4

and

£5

in the north and

south, respectively (Fig. 5.1). Isopach map shows that it includes three to four subbasins,
separated from one another by shallower sills (Fig. 5.2). The large ·t ubbasin is situated in
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the western portion of the study area and shows a maximum width of - 15 km along a
length of 40 km . It displays a symmetrical cross-sectional geometry across its width.
Here, basin ~ 5 contains > 1600 ms of Pliocene-Quaternary sediments in the westernmost
portion of the study area, which rapidly decreases to - 700 ms to the east, associated with
the eastward emergence of theM-reflector along the axial trough of the basin (Figs. 5 .2,
5. 15, 5. 16). The Pliocene-Quaternary succession also shows a marked thinning from
> 1600 ms in central basin ~ 5 no11hward to <100 ms over the crest ofridge £ 4 . Although
there is a gentle not1hward convergence of the lower and middle Pliocene-Quaternary
succession, this dramatic northward thinning is achieved by a radical abutting of the
Pliocene-Quaternary succession on the southern wall of ridge

£4

(Fig. 5. IS). Whereas to

the south, the succession shows a gentle thinning toward the crest of ridge
thinning is the result of south-directed

co n vergen~,.;e

£5

where

associated with a number of stacked

unconformities, which either progressively truncate the underlying successions or a gentle
south-directed progressive onlap of the overlying reflectors is observed (Fig. 5 15). As
the basin shallows to the east, it also becomes asymmetrical with the axial trough situated
to the north during the deposition ofthe entire basin fill (Fig. 5.16). Here, the PlioceneQuaternary succession exhibits northward and southward thinning from 700 ms along the
hinge line ofbasin ~ 5 to <100 ms and <300 ms over ridges

£4

and

£ 5,

respectively. The

observed thinning is attained by the progressive onlap ofthe almost the entire PlioceneQuaternary succession over theM-reflector (Figs 5.15, 5.16). Various unconformities
developed between these onlapping packages can be traced into the central portion of the
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basin where they become correlative conformities. Although one particular unconformity
observed within the middle subunit of the Pliocene-Quaternary succes ion differs from the
others as it continue in the form of an unconformity all across the basin (Figs. 5. 15, 5. 16).
Additionally, minor fracturing associated with faulting is recognized within the lower to
upper subunits of the Pliocene-Quaternary succession (Figs. 5.15, 5. 16; also see chapter
6).

In the central po11ion of the urvey area, basin
~4

merges with the adjacent basins

and ~ 6 as the result of southeastward-plunging of ridges c:4 and

here, basin
£3

~s

£.

(Fig 5.20). Thu ,

Ps comprises the central portion of a larger depocentre nestled between ridges

in the north and c: 5 (or possibly c:6) in the south. Whereas, in the eastern portion of the

study area, basin ~ 5 is well-delineated by ridges c:4 and c: 5. It exhibits a symmetrical crosssectional geom try across its width (Figs. 5.2, 5.2 1). Here, the thickness ofthe PlioceneQuaternary sediments is - 750 ms along the axial trough of the basin, which thins to - 350
ms over the crests of ridges

£4

and c: 5 (Fig. 5.21 ). This thinning is mainly attained by

north- and south-directed onlap of the middle-to-upper subunits of the PlioceneQuaternary succession over the flanks of the ridges

£4

and c: 5 with the exception of a <50

ms thin strata of upper portion of the upper subunit that lies undisturbed abo e the crest f
ridge

£ 5.

A number of unconformities delineate the onlap package . The lower ubunit

drapes over the tructural highs without any major thickness variation, hence do not
contribute to the observed thinning. Here, the sea floor above the crest of ridge

£4

is

erosional. Further to the east, the external geometry of the basin change and it displays
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an asymmetrical cross-sectional geomet1y across its width with the hinge line of the
depocentre situated to the no11h during the deposition of lower to middle PlioceneQuaternary subunits, shifting to the south during the deposition of yo unger sediments (Fig.
5. 18). The observed change in the external geometiy of the basin is associated with the
mild partitioning of ridge c; 5 into two connected structural highs. Here, the PlioceneQuaternary succession is - 650 ms at the deepest po11ion of the basin. The lower to
middle subunits of the Pliocene-Quaternary succession show notable north- and southdirected onlap against the M-reflector along the flanks of ridges

£4

and c;5, while the middle

to upper subunits show onlap over a prominent unconformity delineating the to p of the
older sediment package (Fig. 5. 18). Inter-stratal onlap is observed through the entire
Pliocene-Quaterna1y deposits of the eastern subbasin. ln the easternmost portion of the
study area, the floor of basin

Ps rapidly emerges accompanied by remarkable narrowing of

the basin to 3 km (Figs. 5.2, 5.22). Here, the basin shows an asymmetrical cross-sectional
geometry across its width with the hinge line being situated to the south. The thickness of
the Pliocene-Quaternary succession is - 300 ms along the basin axis which sharply
decreases to - 200 ms over ridges

£4

and c. 5 as a result of north- and south-directed onlap

over the uniform lower subunit that drapes over the surrounding ridges.

5.2.2.7. Basin ~ 6

Basin ~ 6 is a large depocentre situated between ridges c; 5 and

£6

in the nonh and

south, respecti vely. lt comprises the southernmost depocentre wi thin the stud y area (Fig.
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5.1, 5.2).
ln the western portion of the study area, the floor of basin ~ 6 mimics the highly
corrugated morphology of the M-retlector (Figs. 5.20, 5.23). Here, the PlioceneQuaternary succession is - 650 ms thick along the axial trough of the basin and shows
thinning to - 3 50 ms above the crest of ridge

E5 .

This thinning is attained by northward

convergence of the upper and to a lesser extent the middle Pliocene-Quaternary subunits
with minor inter-stratal onlap confined to the upper subunit. Whereas, the lower PlioceneQuaternary ubunit drapes over ridge E 5, a well as the crestal region of the corrugated
M-reflector in the central portion of the basin (Fig. 5.23). The Pliocene-Quaternary
succession also thins southward from - 650 ms in central basin p6 to < 150 ms over the
crest of ridge E6 (Figs. 5.15, 5.20, 5.23). The observed thinning is achi eved either by
dramatic south-directed convergence and associated intra-stratal onlap of the middle and
upper subunits (e.g. Figs 5. 16, 5.20) or a distinct abutting and truncation of the lower and
middle subunits over the northern flank of ridge E6 (Fig. 5.23), where only the uppermost
portion of the upper subunit barely oversteps the crest of ridge

E6 .

Many profiles from the

westernmost portion of the study area the sea floor is clearly erosional over ridge e6 (Figs.
5. 16, 5.20, 5.23 ) Here, ridge

E6

is ituated outside the coverage ofthe sei mic profiles.

Further to the east, ridge E5 plunges and becomes much attenuated while ridge E6
stands as a major structural high (Fig. 5. 20). The Pliocene-Quaternary ucces ion is 650
ms thick along the hinge line of the basin and thins to 550 ms and <300 ms over ridges E5
and

E6,

respectively. The northward thinning is accomplished by the nonh-directed onlap
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of the lower portion of the middle Pliocene-Quaternary ubunit over ridge c5, while the
lower subunit as well as the upper portion of the middle subunit and the upper subunit
blanket ridge

€5

without any significant variation in thickness. The southward thinning is

attained by the convergence of the mjddle-to-upper Pliocene-Quaternary subunits with
minor inter-stratal onlap in the upper portion of the upper suburut. The sea floor above
the crest of ridge

£6

is erosional (Figs. 5. I 6, 5.20) .

ln the central po11ion of the study area, basin ~ 6 is well-delineated by ridges
£6

€5

and

and shows a symmetrical cross-sectional geometry across its width (Figs. 5. 18, 5.21) .

Over this deepest portion ofthe basin, the Pliocene-Quaternary succession is 850 m thick
along the axial trough and shows thinning to <300 ms above the crests of the urrounding
ridges. The northward thinning is accomplished by the convergence of the middle to
upper Pliocene-Quaternary subunits a well as the progressive onlap of the middle subunit
over the top of the lower subunit along the outhern flank of ridge c6 (Figs. 5. 18, 5.21 ) .
The southward thinning is also attained mainly by the convergence of middle to lower
Pliocene-Quaternary subunits, but with only minor inter-stratal onlap in the upper portion
ofthe upper subunit. The lower Pliocene-Quaternary subunit drape over both ridges
and

£6

€5

in the central portion of the study area.
In the eastern portion of the study area., basin ~ 6 is dissected by a narrow

structural high rising to a depth of 100 ms below ea floor (Fig. 5.22) . The lower
Pliocene-Quaternary subunit shows little thickness variation aero
including its bounding ridges

€5

and

£6.

the enti re ba in ~ 6 ,

However, the middle Pliocene-Quatermuy ubunit
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shows a rapid thinning by onlap and convergence toward both bounding ridges

£5

and

with the uppermost reflectors overstepping the narrow high situated on the southern
portion of the ridge

£ 5.

The upper subunit clearly abuts a prominent intra-Pliocene-

Quaternary unconformity along the northern slope of £ 5 .
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£ 6,

CHAPTER 6. Structural Geology of the Antalya Basin

On the basis of style and age of deformation, as well as the stratigraphic
architecture of the Miocene to Pliocene-Quaternary successions, the structural tl-amework
of the Antalya Basin is divided into three structural domains. Each domain comprises of
distinctive families of structures and structural associations and is confined to a specific
geographical region within the basin. Fu rthermore, each structural association is related
to deformation during a restricted time interval during the evolution of the Antalya Basin.
These structural domains are as follows (Fig. 6.1): Domain I includes the northwesttrending listric extensional faults involving the Pliocene-Quaternary succession as well as
the similarly trending transtensional faults involving the Miocene to Pliocene-Quaternary
successions, which occupy the northeastern portion of the study area extending hom the
present-day shoreline to the innermost portion of the deep Antalya Basin (Fig. 6.1).
Domain 2 consists ofthe northwest-trending, southwest-directed fold-thru st structures
involving the Miocene Units 3 and 2, which occupy the entire Antalya Basin, as well as the
northwest-trending, southwest-directed fold-thrust structures involving the PlioceneQuaternary Unit I, which occupy the northern and central segment of deep Antalya Basin
(Fig. 6. 1). Domain 3 includes the northwest-trending transpressional structures involving
the Miocene to Pliocene-Quaternary Units 3, 2 and 1, which occupy the southwestern
segment of the deep Antalya Basin (Fig. 6.1). The age of deformation is assumed to be
Miocene if the associated sedimentary growth of the structures is confined to seismic
stratigraphic Units 3 and 2, whereas those confined to Unit I are designated as Pliocene166
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Fig. 6.1. Map showing major structural elements in Antalya Basin. Ticks on thrusts and normal faults are on the hanging wall.
Normal faults with open and closed ticks are explained in text. Inset illustrates the structural domains, their boundaries are also
shown in the main map with dotted lines.

Quaternary. However, several structures show a protracted deformation involving both
the Miocene as well as the Pliocene-Quaternary successions.

6.1. Domain 1

Domain I constitutes the northeastern po11ion of the offshore Antalya Basin within
the study area and encompasses the continental shelf, the shelf-break, the upper-lower
slopes and the northernmost segment of the abyssal plain, extending across basin
ridge

£

1

p, to

(Figs. 5.1, 5.2 and 6.1). The structure ofthis domain is characterized by four

families of extensional faults, three of which are geographically restricted, while the fourth
extends throughout the study area.
The first family comprises an imbricate fan of northwest-southeast striking,
southwest-dipping listric extensional faults, which can be traced from the upper
continental slope in the north into basin

p, in the south.

These faults are confined to the

Pliocene-Quaternary succession with most ofthe tip points lying near or at the sea-floor.
Where emergent, the faults display a I 0-400 ms step-like morphology on the sea-floor.
The faults in this family have high-angle traj ectories in the vicinity of the tip points, which
become gentler as traced down-section into the middle to lower Pliocene-Quaternary
succession. Individual faults of the fan merge with a common southwest-dipping beddingparallel detachment surface, which lies within the lower portion of the PlioceneQuaternary succession. This detachment surface can readily be traced southward into
basin

p, where it becomes indistingui

hable from any ofthe laterally continuous reflectors
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which constitutes the upper Pliocene-Quaternary succession in basin ~ 1 (Fig. 6.2). Above
the common detachment surface, the Pliocene-Quaternary sediments form wedge-shaped
bodies bounded by the listric extensional fault trajectories (Figs. 6.3, 6.4). Locally, the
common detachment surface appears expo ed on the sea-floor where it also coincides with
theM-reflector (Figs. 6.3, 6.4). The reflectors within the Pliocene-Quaternary succession
do not show any variation in thickness (i .e. growth), suggesting that the deposition of the
succession pre-dates the fault activity. Three major faults of this family could be
correlated aero s the seismic reflection profiles in the northwestern p01tion of the study
area (Fig. 6.1). Based on the similaritie to the previously defined slide structures
(Reading, 1986), the faults of this family are interpreted to represent detachment surfaces
associated with gravity-driven slide structures. The chaotic seismic expression of the
internal architecture of the sediment masses resemble the internal architecture of the
previously defined lump structure (Reading, 1986). Sliding and slumping causes lateral
displacement of a semi-consolidated sediment rna s along a basal shear plane while
restraining some internal coherence (Reading, 1n6). The sediment bodies transported by
sliding show little internal disturbance while slumping yields disturbed sediment masses
related with rotation accompanying shear failure. The morphology of the slope, the
physical properties of slope sediments including shear strength, bulk density and the type
and rate of depo ition are described as the primary factors that control slumping and
sliding (Reading, 1986). The slump/slide structures in this domain may be the result of
rapid deposition of the Pliocene-Quaternary strata along the shelf edge and upper slope
169
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Fig. 6.2. Seismic reflection profile (FIX 1813-1828).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
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Fig. 6.3. Seismic reflection profile (FIX 1690-1705).
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Fig. 6.4. Seismic reflection profile (FIX 1662-1677).
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during the oscillating sea-level conditions ofthe Quaternary and their re edimemtation
caused by slope as the result of southward movement of the leading thrusts of the Tauride
Mountains may have contributed to the mass wasting along the Antalya margin
The Pliocene-Quaternary fill of basin~~ is dominated by a series of stacked,
northwest-southeast-trending, southwest-dipping listric extensional faults (Fig. 6.5). The
tip points of these faults are situated within the middle to upper Pliocene-Quaternary
succession. These faults are connected with one another along listric trajectories, yielding
wave-shaped geometries (i.e., the lower elevation faults have tip points at the detachment
surface of the overlying faults; Figs. 6.5, 6.6). They carry internally tran parent lensshaped bodies on their hanging-walls (Fig. 6.6), which are interpreted as debris flow
deposits based on their similarities with the previously-described debris flow deposits( e.g.
Aksu and Hiscott, 1992; Hiscott and Aksu, 1994; 1996). Debris flow deposits are
described as highly concentrated, viscous sediment masses with a plastic flow behaviour
(Johnson, 1970; Hampton, 1972). These flows are developed as sediments are mobilized
in the upper slope regions as failures(i.e. slides/shears) by either seismic events or by rapid
dewatering and subsequent destabilization of the slope sediments. As the mass travel
downslope, in-mixing of water occurs and the flow progressively become less viscous,
thus increases in velocity. The debris flow is supported by its own matrix rather than the
upward-moving pore pressure such as seen in turbidity currents. ;these flows are triggered
by seismic events, slumping or sliding as well as high rates of sedimentation. The chaotic
internal architecture displayed by debri flow deposits are related to the their tructurele '
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Fig. 6.5. Seismic reflection profile (FIX 1879-1897).
Top middle Plio-Quaternary subunit .

Upper evaporite subunit 2a

Top basal Plio-Quaternary subunit •
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Fig. 6.6. Seismic reflection profile (FIX 1704-1723).
Top middle Plio-Quaternary subunit • Lower evaporite subunit 2b
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Top Unit 3
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and disorganized character resulting from transport and reworking they underwent. This
remarkable geometry ofthe strata in basin

p, is best imaged in the northwestern portion of

the study area, but it becomes less significant in the central to eastern seismic reflection
profiles. The reflectors on the hanging-walls of the faults do not show evidence of growth
suggesting that the movement along the fault trajectory post-dates the deposition of these
sediments (Fig. 6.5).
The second family consists of no11hwest-southeast-trending, southwest- and
northeast-dipping, deep-rooted extensional faults occurring along the continental shelf and
slope, and at the base ofbasin

p, (Fig. 6. 1).

These faults have high angle trajectories and

their tip points lie in the lower to upper portion of the Pliocene-Quaternary succession
(Figs. 6.3-6.5) . They cut through theM-reflector and extend down-section into the
Messinian and older strata. Vertical separations on theM-reflector range between 200 ms
and 600 ms along the strike of the fault fan, with the largest separation occurring in the
central portion of the study area (Fig. 6.7, 6.8). The fault pairs with opposite sense of dip
(i.e. north- and south-dipping) define prominent horst and graben structures (Figs. 6 .76.9) . ln general, no growth is observed o n the hangi ng-walls of these faults . However, in
a few faults the lower to middle portion of the Pliocene-Quaternary succession shows syndepositional growth (Figs. 6.8, 6.9). The reflectors within the upper po11ion ofthe
Pliocene-Quaternary succession display a uniform thickness, which indicates either postgrowth or pre-growth deposition, depending on where the tip point of the fault is situated
(Fig. 6.7). The most prominent faults of this family extending along the continental slope
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Fig.6.7. Seismic reflection profile (FIX 1773-1789).
Top middle Plio-Quaternary subunit • Upper evaporite subunit2a
Top basal Plio-Quaternary subunit • Lower evaporite subunit2b
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Fig. 6.9. Seismic reflection profile (FIX I782-1798).
- M-reflector

- TopUnit3

Lower evaporite subunit 2b

179

are referred to as

A~>

A2, A3 and A4 from north to south, and could be mapped with

confidence mostly throughout the study area based on correlations performed across
seismic reflection profiles (Fig. 6.1 ).
The southernmost fault of this famil y is situated to the south of the axial trough of
basin

P1 and is referred to as A5 (Fig. 6. I).

lts tip point lies in the lower portion of the

Pliocene-Quaternary succession. The fault cuts through the M-reflector and extends
down-section into the Messinian and older successions along a relatively shallow
trajectory, creating an apparent ve11ical separation of I 00 ms to 300 ms on the M-reflector
along its strike (Fig. 6.2, 6 .5, 6. 10). The reflectors on the hanging-wall of this fault form
south-thinning wedge-shaped packages in the upper portion of Unit 3, the entire
Messinian and the lower portion of the Pliocene-Quaternary succession and display minor
onlap with roll-over against the fault surface (Fig. 6.9).
The third family is characterized by a major nonhwest-southeast-trending and
southwest-dipping listric extensional fault system situated above ridge

E1

(Fig. 6. I). The

large fault at the northeastern segment of this system is referred to A6 (Fig. 6. I). The fault
is well-imaged in the no11hwestern portion of the study area, but becomes les evident in
the seismic reflection profiles towards the southeast, where ridges

E1

and

E 11

merge (Fig.

6.1). The tip point of the fault lies near or at the sea floor. The fault displays a high-angle

trajectory near the tip point, and extends down-section with little variation in dip until it
meets theM-reflector, from where it soles into the Messinian evaporites of Unit 2 along a
gentler trajectory (Figs. 6.2, 6.5, 6 .6, 6. I0). The fault creates a vertical separation on the
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Fig. 6.1 0. Seismic reflection profile (FIX 1921-1935).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
Top basal Plio-Quaternary subunit
- M-reflector

Lower evaporite subunit 2b
Top Unit3
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M-reflector ranging between 200 ms and 600 ms along the strike (Figs. 6 5, 6.6, 6.1 0).
The reflectors within the Pliocene-Quaternary succession show clear onlap against the
fault surface marking well-defined hanging-wall and footwall cutoffs (Figs. 6.5, 6.6, 6. 10).
A notable roll-over structure is observed on the hanging-wall, where the reflectors appear
2-10 degree tilted in a northeast direction. Along the fault plane, the cutoff angles of the
reflectors become more pronounced towards the deeper portion. The reflector packages
within the Pliocene-Quaternary succession delineate tilted wedge-shaped bodies (i.e.
growth wedges), which show remarkable thickening towards the fault surface (Fig. 6.2).
Several small-scale normal faults confined to Unit I are developed on the hanging-wall
(Fig. 6.10) and to a lesser extent on the footwall . These faults are presumably formed as a
result of breaking during the roll-over.
The fourth family consists of sub-vertical normal faults occurring above salt
structures throughout the study area. These faults are confined to the PlioceneQuaternary succession with tip points lying near or at the sea floor (Figs. 6.11 -6.14).
They develop as a result of collapse due to the rise or withdrawal of salt from the crestal
region of the associated salt-cored anticlines.

6.2. Domain 2

Structures within Domain 2 consist of a series of at least three major noiihwesttrending, southwest-verging open and mildly asymmetric anticline-syncline pairs. These
anticlines are represented by three prominent ridges E 1 +E 1 ~>
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E2

and

E3,

with the synclines

Fig. 6.11. Seismic reflection profile (FIX 1820-1835).
Top middle Plio-Quaternary subunit .

Upper evaporite subunit 2a

Top basal Plio-Quaternary subunit • Lower evaporite subunit 2b
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Fig. 6.12. Seismic reflection profile (FIX 1719-1735).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
Top basal Plio-Quaternary subunit • Lower evaporite subunit 2b
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Fig. 6.13. Seismic reflection profile (FIX 1638-1655).

- M-reflector

- TopUnit3

• Upper evaporite subunit 2a
• Lower evaporite subunit 2b

185

SW
TWT

NE
Water depth

[

~31

----

Fig. 6.14. Seismic reflection profile (FIX 1946-1963).
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represented by the basins

p ~>

P2 and P3 (also see Chapter 5).

These structures trend

parallel to the overall strike of the Florence Rise, which defines the western segment of the
Cyprus Arc. Two smaller anticline-syncline pairs splay from the central anticline (i.e. e2) ,
forming two prominent double-crested anticlines in the eastern and western segments of
the study area (Fig. 6. 1). The anticlines display notably long, gently northeast-dipping
backlimbs and shorter, but steeply southwest-dipping fo relimbs, suggesting that these
structures define a large southwest-verging fold system. ln seismic reflection profiles
where the folds are well imaged, the hinge traces of the folds invariably show moderate to
gentle northeast dips, further supporting the southwest vergence of the fold sy tem.
The geometry of structures with in the core of the anticlines i poorly re olved in
most seismic reflection profiles. However, there are several key profiles where the
geometry is better imaged, allowing the delineation of the structural architecture of the
anticline-syncline pairs (Figs. 6. 13, 6.14). The stratigraphic framework and the structural
architecture observed within the syncline-anticline pairs resemble the geometries observed
in the previously-described fold-thru

t

belts (McClay, 1981 ; Jackson and McKenzie, 1984;

Ori and Friend, 1984). Therefore, the discontinuities imaged within the core of the ridges
are interpreted to represent thrusts, with the ridges defining ramp anticlines. In this
framework, the basins situated on the backlimb and foreli mb of the thrust culminations
represent the trailing and leading synclines, respectively. Careful correlation of seismic
markers within Unit 3 between the leading syncline to the southwest and the crest of the
anticline indicates - 500-600 ms vertical separation. Similarly, correlation of seismic
187

markers in Unit 3, as well as theM-reflector between the trailing syncline to the northeast
and the leading syncline to the south west , indicates - 300-400 ms vertical separation.
This overall architecture of the anticlines, the stratal relationship within the leading and
trailing synclines and the growth stratal architecture on both the backlimb and forelimb of
the anticlines (see also Chapter 5) indicate the presence of northeast-dipping and
southwest-verging thrusts seated deep in the core of the anticlinal structures. Where
clearly imaged, the thrust surfaces are marked by narrow, higher amplitude reflector
bundles (e.g. Figs. 6. 13-6.16). However in many profiles thntst surfaces are not wellimaged or they extend well below fi ve seconds in seismic reflection profiles (e.g. Figs.

6.5, 6.16). In these profiles, the ver1ical separations between marker reflectors between
the leading and trailing synclines strongl y suggest the presence of southwest-verging
thrust faults in the core of these structures, even though the actual thrust urfaces are not
always imaged.
In some profiles, the tips of the thrusts can be readily and invariably traced to the
base of theM-reflector cutting the strata within the leading syncline, thus representing
"break thrusts" (Fig. 6. 17). Yet in others, the thrust tips are inferred to lie well within
Unit 3 in the partially imaged leading syncline, suggesting that these represent ''blind
thrusts" . The ridges described in Chapter 5 are, thus interpreted to represent the apex of
the hanging-wall ramp anticlines. Some well-imaged examples ofthese are illustrated in
Figures 6.13-6.15 and 6.18. Note that in all these images,

ridge~

defines the crestal

region ofthe hanging-wall ramp anticline of thrust T 2, whereas the gently to moderately
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Fig. 6.15. Seismic reflection profile (FIX 765-774).
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Fig. 6.16. Seismic reflection profile (FIX 1757-1772).
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Fig. 6.17. Seismic reflection profile (FIX 612-620).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
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Fig. 6.18. Seismic reflection profile (FIX 1855-1873).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
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n011heast-dipping backlimbs represent hanging-wall flats above the thrust surfaces. The
large Pliocene-Quaternary depocentre ~ 2, which is nestled on the backlimb of the ramp
anticline, thus represents a piggyback basin carried by thrust T2 , whereas the depocentre ~ 3
represents the piggyback basin nestled on the backlimb ofT3 thrust.
The individual thrusts T 1, T2 and T 3 ofthe fold-thrust system occur beneath the
most prominent ridges,

£ 1+£ 1" £2

and

£3,

respectively (Fig. 6 .1). Splays with southwest-

verging sense stem from thrusts T 1, T2 in the northwest and southeast and from thrust T3
in the central portion of the study area, and display map traces mostly parallel to the trend
of the associated main faults (Fig. 6. 1). They exhibit low-angle trajectorie similar to that
of the main thru ts and the tip points mostly lie below or at theM-reflector. Thrusts T 1a
and T 1b form the western and eastern splays originating from thrust T" which extend
below ridges

£ 13

and

£ 12 ,

respectively. These thrusts both merge with the associated main

thrust (T 1) in the central portion of the study area (Fig. 6 .1) . Thrust T 2" extends below
ridge

£ 31

and compri es the splay stemming from thrust T2 in the central portion ofthe

study area. lt displays a no11hwest-sourheast trike, and merges with thrust T 2 and T 3 in
the eastern and western portions of the study area, respectively (Fig. 6. I). ln the southern
portion of the study area, thrusts T3" and TJ b carry ridges

Ex

and t:y and form the western

and eastern splays originating from thrust T3, respectively (Fig. 6. 1). Each splay merge
with the main thrust T3 in the central portion ofthe study area.
The intervening basins between the ramp anticlines, are referred to as piggy-back
basins, which are carried above the imbricate thrust fault system. The sedimentary fill of
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these piggy-back basins contain Mes inian to Recent deposits. The depo ition of the
Messinian to Recent strata is mostly contemporary with the activity of thrust faults,
suggested by the growth strata wedges recognized throughout the sedimentary column of
the piggy-back basins. Although, the mainly undeformed character of the lower PlioceneQuaternary subunit through most of the study area provides evidence of a period of
quiescence in the fault activity. Ho wever, occasionally, this subunit locally shows thinning
towards the crest of the ridges, suggesting that the faults continued to grow during the
deposition ofthis succession (Fig. 6. 16, 6. 17). Various intra-stratal unconformities
developed within the Pliocene-Quaternary succession separate growth strata packages and
mark the stages of hiatus in the growth of the thrusts. These growth strata wedges
developed on the backlimb and forelimb of the fold-thrust structures are bounded by
several unconformities delineated by the prominent onlap ofthe mostly the lower/middle
Pliocene to Recent succession over the flanks of the ridges or the underlying pre-growth
strata (Fig. 6.16). This character of the unconformities show remarkable resemblance to
that of progressive unconformities as described by Riba ( 1976). Progressive
unconformities are inferred to devel op associated with growth of the thrust-related fold
during sedimentation (Suppe et al. , 1992, Hardy and Poblet, 1994) and they represent
changes in rate of uplift assuming constant sedimentation rate.
In summary, the overall structural framework ofDomain 2 is characterized by
three prominent northwest-southeast striking, southwest-verging thrust faults with several
minor splays, which display curvilinear, south-convex traces on the map throughout the
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study area (Fig. 6. I). The thrust sheets are 900-1200 ms thick and consist of sediments
of Units 3 and 2. These thrusts override one another in the transport direction and define
a stacked imbricate fan. The thrust faults exhibit low-angle trajectories, of which only the
uppermost portion could be imaged in the seismic reflection profiles. Except a small
number ofbreak thrusts, most represent blind thrusts with tip points located mostly within
Unit 3 below the M-reflector.

6.3. Domain 3

Domain 3 constitutes the southeastern portion of the Antalya Basin within the
study area bounded by ridge £2 in the north and by the southern limit of the seismic grid in
the south (Fig. 6. I). The internal architecture of the Miocene to middle to upper portions
of the Pliocene-Quaternary succession within this domain is characterized by l"l ve
northwest-southeast-trending fold structures, which exhibit north- and south-tilted
asymmetrical cross-sectional geometries (Figs. 6. 18-6.20; also see Chapter 5). Here,
ridges

£ 3 , £ 4, £ 5 , £ 6

and the locally emerging ridge

delineated by the M-reflector. Ridges £ 4,

£6

£3 1

represent these fold structures

and £ 31 are identified by their long, gently

southwest-dipping backlimbs, and shorter, but steeply northeast-dipping forelimbs, which
contradict the common south-tilted asymmetrical cross-sectional geometry of the
structures recognized throughout the study area (Figs. 6.18-6.21 ). Whereas, ridges £ 3 and
£5

are characterized by their long, gently northeast-dipping backlimbs, and shorter, but

steeply southwest-dipping forelimbs (Figs. 6.18, 6.19). The structures within Units 3 and
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Fig. 6.19. Seismic reflection profile (FIX 1729-1745).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
Top basal Plio-Quaternary subunit
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Fig. 6.20. Seismic reflection profile (FIX 1622-1640).
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Fig.6.21. Seismic reflection profile (FIX 1959-1974).
Top middle Plio-Quaternary subunit • Upper evaporite subunit 2a
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2, which constitute the core ofthese ridges, show parallel trends to the morphology ofthe
M-reflector, although the wavelength of the fold structures tend to decrease as traced
down-section (Fig. 6 .18). The external geometry of the Miocene ridges are still preserved
in the lower to upper Pliocene-Quaternary succession with the reflectors draping over the
M-reflector. Additionally, a number of low-amplitude and short-wavelength ridges locally
emerge on the floor of intervening basin

~4

and ~ 6 , and display similar characteristics in

terms of the internal architecture as well a the external geometry, to that of the major
ridges within this domain (Figs. 6 . 18, 6 .20, 6 .22).
The overall internal architecture of Domain 3 suggests that the ridges developed in
this portion of the study area are as ociated with a family of narrowly-spaced, thrust fault
with markedly curved north- and south-verging trajectories. The thrusts of each fault pair
are rooted deep in Unit 3 with tip point lying between the upper portion of nit 3 and the
lower to middle po11ion ofUnit 1 (Figs. 6. 18, 6.20, 6 .21). They display sub-vertical
trajectories in the vicinity of the roots, but as traced up-section, they curve away from
each other along progressively gentler trajectories (Figs. 6.20, 6 .21 ). The doubly-verging
character of the thrust pairs and the north- and south-tilted asymmetrical cross-sectional
geometry of the ridges bounded by these thrusts suggest that these thrust pairs represent
positive flower structures. Similar structures are described by Caton et al. (submitted)
from the Cyprus Basin. Such structures are generally associated with transpressional
deformation (e.g. Harding et al. , 1983) .
The reflector packages within the middle to upper portion of the Pliocene199
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Fig. 6.22. Seismic reflection profile (FIX 1747-1762).
Top middle Plio-Quaternary subunit •

Upper evaporite subunit 2a

Top basal Plio-Quaternary subunit

Top Unit3
Jl'lii'N

- M-reflector
JI'JO'E

200

Jl'OO'E

Jl'JII'E

Quaternary succession show north- and south-directed thinning and progressive onlap
against the older folded strata overlying the Miocene ridges. This stratigraphic
architecture represents growth strata wedges and suggests that the activity of thrust faults
of the flower structures is contemporaneous with the deposition of the middle to upper
portion of the Pliocene-Quaternary succession (Figs. 6. 18-6.20, 6.22) . The sea floor
above the crestal area of the ridges truncates the underlying reflectors of the Quaternary
succession and occasionally displays small scale inflect ions, which together suggests that
the thrust faults of Domain 3 continue to be active in the present-day (Figs. 6. 18-6.22).
Thrusts with tip points situated below the middle Pliocene-Quaternary succession
represent "blind thrusts", while the others with tip points reaching the middle p011ion of
the Pliocene-Quaternary succession represent "break thrusts".
Due to the poor resolution in the deeper portions of the seismic reflection profiles
as well as the limited record length, the internal architecture of the core of the positive
flower structures could only be imaged in a small number of profiles within the existing
seismic grid (Figs. 6. 18, 6.20). However, the relief created by the doubly-verging thrust
faults is prominent throughout the study area and is diagnostic of flower structures (e.g.
Harding eta!., 1983 ; Biddle and Christie-Blick, 1985) which enabled a tentative
assignment of the domain boundaries. The detailed mapping and understanding of these
structures require a denser seismic grid and critical structural geological analysis involving
detailed cross-section balanci ng, which will be the focus of the author' s PhD research.
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CHAPTER 7. Discussion

The Antalya Basin is situated in a forearc setting north of the AfricanAegean/ Anatolian convergent plate boundary and comprises several structural elements,
which are commonly associated with plate tectonic activity. Several hypotheses have been
proposed for the

eo gene evolution of the Antalya Basin as well as its role within the

regional tectonic setting of the eastern Mediterranean. Despite a number of previous
studies (e.g. Woodside, 1977; Sage and Letouzey, 1990; Robertson 1998, Calon et al.
submitted a, b)· the Miocene to Recent kinematic evolution of the Antalya Basin is still not
well understood, primarily because mo t previous investigations have been exploratory in
nature, and lack the rigorous systematic mapping of large-scale structural elements,
necessary to delineate the kinematic history.

7.1. Kinematic evolution of the Antal a Basin

Detailed analysis of the seismic ·tratigraphic architecture of the PlioceneQuaternary basins and the Miocene ridges, as well as the spatial and temporal trend of the
structural culminations reveal a tectonic model that explains the Miocene to Recent
evolution of the Antalya Basin within the context of the factor that haped the eastern
Mediterranean. The deformation in the Antalya Basin occurred primarily as the result of
compressional stresses and to a les er extent extensional, transpressional and
transtensional stresses (Figs. 6.1 and 7. 1). Mobilization of the Messinian evaporites also
played an important role in basin evolution, although it is not yet possible to quantify the
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Fig. 7.1. The tectonostratigraphic chart showing the two main phases of deformation (i.e. Miocene and Pliocene-Quaternary)
in the eastern Antalya Basin. Refer to the map displayed in Figure 6.1 for the locations of the structuraldomains.
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amount of deformation caused by halokinesis.

7.1.1. Miocene (pre-Messinian)

During the middle-late Miocene, the marine Antalya Basin, as well as the onland
Danbren, Beydaglan and Antalya Basins, were situated within a forearc setting located
between the evolving Taw·ide culminations in the north and the subdu Lion zone in the
south. Miocene (Serravallian to Tortonian) successions of the Karpuzc;:ay and Aksu
formations and their equivalents in eismic stratigraphic Unit 3 were depo ited within a
large east-west-trending foredeep which extended from the Bitlis Ocean in the east
(Senger, 1985), across the lskenderun, Adana, Inner Cilicia (Aksu et al. , submitted;
Bw1on et al., submitted) and Inner Latakia (Hallet al., submitted a) basins in the centre,
to the Kyrenia Range of northern Cyprus (CaJon et al., submitted a, b) and the Antalya
Basin in the west. Middle to late Miocene regional compression led to the development of
a major northwest-southeast-oriented arcuate fold-thrust belt, which can be traced all
across the forearc region north of Cypru Arc (Fig. 7.2). The structures associated with
this late Miocene compression are clearly documented in the Antalya Basin.
Large imbricate thrust sheets T 1, T 2 and T 3 and their associated ramp anticlines
£2

E1,

and c3 carrying piggyback basins ~ 1 , ~ 2 and ~ 3 collectively show a protracted

contractional deformation throughout the deposition of Miocene Unit 3. The Antalya
Basin remained a a foredeep during thi s phase of contraction, while the Kyrenia foredeep
became progressively inverted leading to the development ofthe Kyrenia fold/thrust belt in
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Fig. 7.2. Map showing the major faults and piggy-back basins in northern Cyprus (Calon et al., submitted a and b)

the Pliocene-Quaternary (Calon et al. , submitted a or b).
Progressive northward movement of the Arabian Microplate resulted in the
collision and subsequent suturing of the Arabian Microplate with the Aegean-Anatolian
Microplate in the late Miocene. During this time the last relics of the Bitlis Ocean closed,
and the eastern connection of the Neotethys with the Indo-Pacific Ocean was ruptured by
the evolving Bitlis-Zagros fold/thrust belt. Towards the end ofTortonian the progressi
northeast-directed motion of the A£1-ican Plate relative to the Eurasian Plate also narrowed
and eventually closed the connection bet ween the Neotethys (i .e. Mediterranean) and the
Atlantic Ocean to the west. At the end ofTortonian the Mediterranean Sea was situated
at approximately the same subtropical latitudes as today and was completely isolated both
from the Atlantic Ocean as well as the Indian Ocean.

7 .1.2. Messinian
Subarea! exposure and the significant lowering ofthe base level associated with the
evaporitive drawdown led to the profound erosion ofthe desiccated Mediterranean basins
(i.e. the Mediterranean Salinity Crisi , Hsi.i et al., 1978). This erosional event in Antalya
Basin is represented by the N-reflector, which is an angular unconformity truncating the
folded strata of the Miocene Unit 3 (Fig 7.3). The erosional nature of the unconformity
and the stratal relationships of the overlying and underlying reflectors indicate that the
present-day N-reflector largely preserves the paleo-relief associated with the preMessinian deformation. Deposition of the evaporitic succession in a shallow marine
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environment followed the development of the

-reflector. The ob erved thickness of the

Messinian evaporite range from 3000 m in the Herodotus Basin to - 2500 m in Antalya
Basin (Biju-Duval et al. , 1978), to - 1000 m in the Cilicia and Latakia Ba ins (Aksu et al.,
submitted; Hallet al. , submitted). The present-day volume ofthe Mediterranean Sea of
3.77xl06 km with an average salinity of - 39 %o would produce - 40 m thick evaporite
deposits if desiccated completely. This first order calculation suggest that - 70 times the
volume of the Mediterranean Sea is needed to produce the 3000-2500 m thick evaporites
in deep ba ins. The floor of the Cilicia and Latakia Basins are ituated 1200-2000 m
above the floor of the adjacent deep Antalya and Levantine Basins, re pectively. Thick
evaporite deposits in these basins provide additional evidence for the multiple filling and
desiccation of the deep Mediterranean ba ins during the Mes inian. The initial
depositional distribution of the evaporite cannot be derived by only analyzing the seismic
reflection profiles and interpreting the retlector terminations because what is observed
today represents the structures formed following halokinesis.
The generally north- and south-thinning geometry of the relatively well-stratified
Messinian subunit 2a on the flanks of the early Messinian subunit 2b high or Miocene fold
tructures where subunit 2b is ab ent

how that local re-activation of the fold-thrust belt

occurred during the deposition of the up per evaporitic subunit 2a (Fig 7.4) Further
evaluation of the behavior of the evaporites during the evolution of the basin is going to be
a subject of the author' s PhD thesis.
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Fig. 7.4. Seismic reflection profile showing the north- and south-thinning geometry of
Subunit 2a towards the crestal area of ridge t: 11 •

-

Top middle Plio-Quaternary subunit

-

Upper evaporite subunit 2a

Top basal Plio-Quaternary subunit

-

Top Unit 3

M-reflector

209

7.1.3. Pliocene-Quaterna•-y

interpretation of the existing sei.'mic retle(;tion pro Liles demonstrates a
fundamental change in kinematic regime during the transition from the Miocene to the
Pliocene. The desiccation of the Mediterranean Sea at the end of the Miocene (Hsi.i et al. ,
1978) and the related exposure of the sea-floor at the time resulted in the development of
an erosional surface, represented by a well-defined angular unconformity on the seismic
reflection profiles, the M-reflector. The M-reflector truncates the underlying folded strata
of Unit 3, or Unit 2 where the Messinian evaporites are present, suggesting that the foldthrust activity continued into the Messinian and that this activity pre-dates the
development of the M-unconformity (Fig. 7.5). The erosional nature of the unconformit
further implies that the initial thickness of rhe Miocene sedimentary ftll of the piggy-back
basins were greater than what is observed on the ·eismic reflection profiles.
The basal Pliocene-Quaternary subunit was deposited above theM-reflector as the
post-growth strata relative to the Miocene fold/thrust activity. The re-filling of the
Mediterranean Sea during the early Pliocene caused the landward retreat of the shoreline
and initiated an interval dominated by hemipelagic deposition throughout the eastern
Mediterranean Sea. The early Pliocene marls of Unit lV encountered in the DSDP sites
375 and 376 (Hsi.i et al. , 1978), the Mirtou Formation of the Kyrenia Range and Mesaoria
Basin in Cyprus (Robertson and Woodcock, 1986), and the Hand ere Formation of the
Adana and Cilicia Basins

(Yal~m

and Gori.ir, 1984) all represent this hemipelagic phase.

During the deposition of the early/middle Pliocene to Recent strata, the fault
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Fig. 7.5. Seismic reflection profile showing the erosional character of theM-reflector.
Unit 2 strata is truncated by theM-reflector.
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activity in the Antalya Basin is constrained to three geographical domains comprising the
northern, central and southern portions of the Antalya Basin.
ln the northern and central portions of the deep Antalya Ba in, the north- and
south-thinning growth strata wedges d vel oped on the backlimb and forelimb of the foldthrust structures indicate thrust fault activity continued from early-middle Pliocene to
Recent (Fig. 7.6). The relatively thicker growth packages imaged within the middle
Pliocene-Quaternary interval suggest that the fold-thrust belt displays a protracted activity
with intervals of accelerated growth during this interval (Fig. 7.6). The upper PlioceneQuaternary uccession homoclinally overstep some culminations while showing onlap
against the flanks of others (Fig. 7.7). The overstep of the upper Pliocene-Quaternary
succession over the crests of the ridges show that the thrust activity locally lowed down
or even ceased during this interval (f-ig. 7.7). Where present, any fold/thrust activity
extending into the Recent is expressed by the small scale inflection on the seafloor (Fig.
7.6).
ln the northern portion of the Antalya Basin, the stratal architecture of the
Pliocene-Quaternary succession on the hanging-wall of the listric extensional fault A6
(Fig. 7.8) indicates that growth has been taking place since the beginning of Pliocene
essentially acting concurrently with the fold/thrust activity to the south. This listric
extensional fault is interpreted to represent a major transtensional zone, which must have
developed in relation to the westward displacement ofthe Tauride block as the Anatolian
Microplate initiated its westward escape in th latest Miocene to early Pliocene This
2L2

Fig. 7.6. Seismic reflection profile showing the north- and south-thinning growth strata
packages in Unit 1.
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Fig. 7.7. Seismic reflection profile showing the upper Plio-Quatertary subunit
homoclinally overstepping a culmination while showing onlap against the other.
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Fig. 7.8. Seismic reflection proftle showing tilted growth wedges in Unit I.
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westward di placement continued during the Pliocene-Quaternary and still persists today
(Dewey et al , 1986) . GPS data show that the motion ofthe eastern segment ofthe
Aegean-Anatolian Microplate relati ve to a tixed Eurasian Plate is invariably west directed
east of 30°E longitude with no evidence of rotation or fragmentation in this region. The
data presented in this thesis suggest that the west escape of the eastern segment of the
Aegean-Anatolian Microplate is accommodated in its southern boundary by an arcuate
splay of the Ea ·t Anatolian Transform Fau lt, which is represented by a major rault zone
extending from the Misis Mountains of southern Turkey to the Kyrenia Range of no11hern
Cyprus and further west to the northern egment of the Antalya Basin. The fact that GP
data show no rotation of the microplate requires that the sense of movement along this
arcuate zone with respect to the African Plate to the south mu t be inistral. The overall
data further suggest that the southern margin of the Aegean-Anatolian Microplate is being
fragmented during its westward escape. The linkage of the crustal scale tructures
mapped in the Antalya Basin to the I parta Angle on land is not done with any degree of
certainty but will be another important aspect ofthe author' s PhD thesis. Therefore, the
kinematic implications of the suggested fl·agmentation of the southern microplate
boundary cannot be fully evaluated at this tage. Along the slope of the

ntalya margin,

the extensional faults A4-A6 clearly have a strike-slip component and fault A6 defines the
boundary between the extensional/transtensional structural domains to the notth from the
pure contractional domain in the central pottion of the basin. Apparent differences in the
timing of the growth strata along the strike of the culmination is like!
2 16

to

relate to

diachroneity in activity.
ln the southern portion of the deep Antalya Basin the cessation of the fold/thrust
activity occurred during the transition from the latest Miocene-early Pliocene and the
transpressional fault activity represented by narrow-stemmed positive flo wer tructures
dominated this portion ofthe study area in the early-middle Pliocene to Recent (Fig. 7.9).
Moreover, the comparison of seismic reflection profiles shows that the period of activity
on the flower structures is highly variable spatially and temporally. Where present, the
Recent fault activity i represented by small-scale inflections on the sea-floor (Fig. 7. 10).
The transpressional fault activity is interpreted to be related to the collision of the
Eratosthenes Seamount with Cyprus during the early Pliocene to Recent (Ben Avraham et
at. , l988). Eratosthenes Seamount is continental in character (Robertson, 1998), thus, has
choked the subduction along the Cyprus Arc, generating a transpressional stress field
(Harding et al. , 1983). The overall deformation history of the Pliocene-Quaternary trata
suggests that the plate strain is strongly partitioned in the Pliocene-Quaternary .

7.2. Con-elations with western Cyprus

The main thrusts of the fold-thrust culmination in the Antalya Ba in, T 1 T 2 and T 3,
and their leading piggy-back basins, ~ 2 , ~ 3 and ~ 4 can be readily traced to we tern Cypru
in the southeast .
The western marine extension or the Mesaoria Basin of Cyprus constitutes the
easternmost p011ion of the study area. This region is critical because it allows direct
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Fig. 7.9. Seismic reflection profile showing the positive flower structures.

-

Top middle Plio-Quaternary subunit

-

Upper evaporite subunit 2a

Top basal Plio-Quaternary subunjt

-

Top Unit 3

M-retlector

218

sw

NE
Water depth

E4

.. /

E5

Inflections on the sea floor \,

Fig. 7.10. Seismic reflection profile showing the positive flower structures.
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correlations to be made between the large scale structures delineated in the Mesaoria
Basin and Kyrenia range, and those mapped in the Antalya Basin. The Mesaoria-Latakialskenderun Basin Complex evolved in Eo-Oligocene to Present as a large east-west
trending piggy-back basin carried over a prominent south-verging thrust system, the
Troodos-Larnaka culmination (Calon et.al., submitted a, b). From early Oligocene until
middle Miocene, present-day no11hern Cyprus wa the site of a large foredeep , with the
Kyrenia foredeep forming the northern egment and the Mesaoria Basin constituting the
southern segment of this depocentre. This foredeep was receiving a predominantly deep
water turbiditic deposition (i.e. the Kythrea Group of Cyprus; Robertson, 1998), which
represents the eastern correlative ofthe seismic stratigraphic Unit 3 of the Antalya Basin.
During the middle-late Miocene, contractional deformation affected the entire forearc
region north of Cyprus Arc, including the Kyrenia foredeep, and the no11hern segment of
the Mesaoria Basin underwent progressive inversion in response to contraction (Calon et
al. , submitted a, b). The present-day structural framework of the Kyrenia Range is
characterized by an imbricate fold/thrust system consisting of four major thrust panels: the
no11hernmost Orga thrust, the central Kythrea and Ovgos thrusts and the outhern
Mesaoria thrust (Cieintuar et al., 1977). The Orga Fault defines a north-dipping, southverging fold-thrust system that form s the spine of the Kyrenia Range, while the Kythrea
and Ovgos Faults define north-dipping, south-verging imbricate fold-thrust systems and
form the central zone of the Kyrenia Range (Fig. 7.2). A north-south running seismic
reflection profile shot across the western marine extension of the Kyrenia Range and the
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northern Mesaoria Basin, images the northernmost three thrust panels as well as the
prominent Mirtou and Aspromouti piggy-back basins (Fig. 7.9; Calon et al. , submitted a,
b). On the basis of similarity in strike, and stratigraphic architecture, the three
n01ihernmost prominent thrust panels of the imbricate fold/thrust system in the Antalya
Basin, T 1, T 2, and T 3 are correlated with confidence with the Orga, Kythrea and Ovgos
fau lts ofCyprus, respectively (Figs.6. 1 and 7.2)
The piggy-back basins nestled between the major culminations ofthe Kyrenia
Range are carried over the Kythrea and Ovgos Faults (Caton et. al. , submitted a, b). The
northern Mirtou syncline is a west-northwest-east-southeast-trending depocentre carried
by Kythrea Fault The outhern Aspro!llouti syncline is carried by the Ovgos Fault. The
fill of both basins comprise mildly folded successions of Pakhna, Lapatza, Mirtou and

Nicosia formations . The piggy-back basins ~ 2 and ~ 3 of Antalya Basin are correlated with
the Mirtou and Aspromouti synclines of noiihern Cyprus (Figs. 6. 1 and 7.2).
Previous studies clearly documented that the Miocene to Pliocene transition is
marked by a major change in plate kinematics (e g Aksu et al , submitt ed; Cal on et al ,
submitted; Hall et al., submitted), where the Miocene is differentiated by a pervasive
contractional phase characterized by south-directed thrusting, whereas the PlioceneQuaternary is marked by a phase of extensional and transtensional deformation in the
eastern portion of the Mediterranean Sea with strain clearly pa1iitioned geographically into
distinct domains. Aksu et al. (subm itted) showed that the nor1hern fringes ofthe Kyrenia
range are cut by a family of east-west-trending, north-dipping extensional faults which
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show 500-1 OOOms offset on the M-reflector. Calon et al. (submitted, a,b) and Aksu et al.
(submitted) indicated that Kyrenia Range clearly extends northeast into the Misis
Mountains of southern Turkey, with thi s extensional fault family marking the western
segment of the Misis-Kyrenia Horst block. To the west, this extensiona l fault system can
be tentatively correlated with the horst and graben forming extensional faults along the
Antalya Margin Therefore, it appears that the fault system marking the western margin of
the Misis Mountains, Misis-Kyrenia Horst and the northern portion of the Kyrenia Range
extending into the Antalya Basin mu st delineate a major intra-plate fault zone.

7.3. Previous M odels and Comparisons with the Author's Model

Woodside ( 1977) used widely-spaced single channel seismic reflection profiles and
gravity data across the eastern Mediterranean Sea to show that the large scale tectonic
elements, such as the Florence Rise, the Kyrenia-VIisis Mountain and the Erat osthene
Seamount partitioned the eastern Mediterranean into several separately-evolving basins.
He combined other geological and geophysical data to show that the crust across the
eastern Mediterranean is transitional in character (i .e., between oceanic and continental)
and suggested that it probably represents the thinned and attenuated no1thern margin of
the African Plate. He pointed out the pre ·ence of everal prominent features of the
African-Anatolian convergence, which suggest underthrusting of the Turkish Plate by the
African Plate, such as the morpho-tectonic character of the Florence Rise and
Anaximander Mountains, the northward tilting and subsidence of the Antalya and Finike
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Basins and the apparent continuation of the Strabo Trench south of the Florence Rise.
However, he flll1her noted that there is insufficient seismicity across the African-Anatolian
Plate boundary, no active volcanic arc and that the trench is rather poorly developed to
confirm active subduction. Thus, he speculated that normal subduction probably ended
within the past 5 Ma, and that along the nonhern fringe of the African Plate former
oceanic crust has since disappeared. Woodside argued that today plate convergence
continues with only limited unde11hrusting of African Plate along the Cypru

rc, with

regional deformation along zones or weakness within a - 3 00 km wide band stretching
from the Herodotus Basin eastward along the northern edge of the African/ Arabian Plates.
The model presented in this tudy panially supports the findings of Woodside
( 1977). For example, the broad northwest-southeast trending imbricate thrust sheets

showing a protracted contractional deformation from Miocene until Recent is compatible
with the continued, although limited, convergence and contraction between the African
Plate and the Aegean-Anatolian Microplate. However, the present study clearly
documents that the strain in the Antalya Basin and environs is partitioned temporally and
that the major phase of northeast-southwest-directed contraction in the Miocene was
replaced in the Pliocene-Quaternary by a phase involving mild , similarly-directed
contraction, which is overprinted by the extensional/transtensional and transpressional
tectonism associated with the westward-escape of the Aegean-Anatolian Microplate and
the collision of the Eratosthenes Seamount with Cyprus during the early Pliocene to
Recent. This strain partitioning is not observed and discussed in the Woodside model.
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Sage and Letouzey ( 1990) used -6500 km of industry seismic reflection data and
documented the presence of at least two northwest-trending, north-dipping, south-verging
crustal-scale thrust panels in Antalya Basin north ofthe Florence Rise. They linked these
thrust panels with the schematic stratigraphic cross-sections of Biju-Duval and Dercourt
(1980) and further correlated these crustal-scale elements with the major onland Upper
Cretaceous to Recent thrusts of the Kyrenia Range of Cyprus, which dominate the
geology of the onland segment of the north-eastern Mediterranean. They further
suggested that this arcuate imbricate thru t belt defines the ba ement of the Ol igocene to
Quaternary deep basins such as the Rhodes, Antalya, Cilicia and Adana Basins. They also
delineated several south-verging crustal-scale thrust panels across the present-day
boundary ofthe African Plate and Aegean-Anatolian Microplate and suggested that the
Florence Ri se constitutes the topographic expression of the accretionary pri m.
The crustal-scale contractional deformation presented by age and Letouzey
( 1990) is entirely compatible with the model presented in this study. However, the

detailed architecture of the contractional deformation in the Antalya Basin marked by 4-5
imbricate thrust panels presented in this study is not found in the Sage and Letouzey
( 1990) maps. Furthermore, they only presented an instantaneous kinematic solution, thus,
the temporal and spatial partitioning of train is not discussed by these authors. The
proposed correlations of the crustal-scale thrust panels with similar structures onland
Cyprus are also largely compatible with age and Letouzey (1990), although the details of
the linkages with the known thrust sheets of northern Cyprus (i.e. Orga, Kythrea and
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Ovgos Faults) were not included in their study.
Glover and Robertson ( 1998) used fault data from the onland segment of the
Antalya Basin and !sparta Angle, together with a limited number of shallow seismic
reflection profiles from offshore western Antalya Basin to suggest that the present tectonic
framework of the region is dominated by extension. They showed that both the northsouth and the no1thwest-southeast trending limbs of the !sparta Angle consist of large
Miocene thrust faults, which are initially overprinted by dextral strike slip faults in the
latest Miocene and early Pliocene and subsequently by extensional faults in the PlioceneQuaternary. They further suggested that the tectonic framework of the marine Antalya
Basin is characterized by a northwest-southeast trending widely-spaced normal faults that
locally define an asymmetric horst and graben system and the authors linked this system
with the extensional faults bounding the limbs of the lspana Angle. They related the latest
Miocene to earliest Pliocene dextral strike slip to shear along the eastern termination of a
zone of extension and rotation that characterizes the western Aegean region. Glover and
Robertson (1998) further related the switch of the tectonism from dextral strike slip in the
Miocene to northeast-southwest extension in the Pliocene-Quaternary, to a regional
change in stress direction throughout the Aegean region . They concluded that there is no
data to support the notion that the present-day Antalya Bay and lspa11a Angle represent a
regional compressional zone related to plate collision.
The results of the detailed and systematic mapping of structures in the marine
Antalya Basin together with the careful analysis of geometric relationships and growth
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stratal architecture of the late Miocene as well as the Pliocene-Quaternary fill within
several northwest-southeast trending piggy-back basins show a much more complex
kinematic evolution than the simple model presented by Glover and Robertson ( 1998).
The data presented in this study clearly document a Miocene phase dominated nearly
exclusively by compressional tectonism, followed by a Pliocene-Quaternary phase when
strain was partitioned into a northern zone of extension/transtension along the inner
portion of the Antalya Basin, a central zone of contractional deformation and a southern
zone of distinct transpression. Thus, the data presented here cannot be reconciled with the
statement of Glover and Robertson ( 1998) that the Antalya bay area is presently
dominated by extensional tectonism. The strong partitioning of strain documented in this
study was interpreted as the consequence of the west-directed tectonic escape of the
Aegean-Anatolian Microplate, rather than the extension and rotation of the Aegean region
as suggested by Glover and Robertson ( 1998). Within the context of detailed stratigraphic
and structural evolution, this study is not in agreement with the findings of these authors.
Robertson and Woodcock ( 1986) documented three crustal-scale south-verging
thrust faults (i.e. Orga, Kythrea and Ovgos Faults) which characterized the core of the
Kyrenia Range, with a fourth leading thrust (i.e., the Mesaoria Fault) of this system
situated beneath the Mesaoria Basin to the south. McCallum and Robe11son ( 1990),
Robe11son et al. ( 1991 , 1995), Robertson ( 1998) have proposed that the Orga, Kythrea
and Ovgos Faults acted as fundamental south-dipping extensional growth faults during the
Oligocene to Miocene associated with the period offorearc extension. They further
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proposed that these extensional faults were re-activated as contractional fault and rotated
to steeply north-dipping structures during the Pliocene thrusting (i.e. the 03 event of
Robertson and Woodcock, 1986).
Detailed mapping ofthe large northwest-southeast trending thrusts T 1, T 2, and T3
in Antalya Basin shows that they readily link with the Orga, Kythrea and Ovgos Faults of
the Kyrenia Range. Careful analysis of the multi-channel seismic reflection profile
presented in this study shows no evidence for the existence of a south-dipping and southverging extensional growth fault system that can be correlated with any onland structure
within the eastern segment of the study area

ote that the strata associated with the

growth of the major structural culminations imaged throughout the study area display
wedge like geometries thinning towards the forelimb and backlimb of the ramp anticlines.
In addition, these growth strata packages observed mostly within the Pliocene-Quaternary
succession are enveloped by progressive syn-tectonic unconformities. Both the geometry
of the growth strata and the presence of progressive syn-tectonic unconformities clearly
imply the characteristics of growth analogous to thrust-related fold structure . Therefore,
the interpretation of these faults as having an extensional character is not possible
primarily because of the geometry of the associated growth strata. The extensional
growth faults require a wedge-like geometry with tratal thickening towards the fau lt
plane on their hanging-walls: this is not the case, as demonstrated clearly on our seismic
reflection profiles. For the hypothesis that these faults were re-activated as contractional
fau lts and rotated to steeply north-dipping structures during the regional Pliocene
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thrusting to be true, one expects to see the growth strata associated with extensional
faulting on the deeper portions ofthe hanging-walls ofthese rotated faults . The seismic
data presented in this study do not exhibit any growth architecture analogue to extensional
fault activity on the hanging-walls of the thrust structures. CaJon et al. (submitted a, b)
clearly documented that they al o cannot find any tangible evidence for extensional
faulting and subsequent inversion. They further stated that " ... for both mechanical and
kinematic reasons these structures cannot be thrust-inverted extensional faults because of
the opposite directions of the superposed structures ... ".
Calon et al. (submitted b) used high resolution seismic reflection profiles from the
western offshore extension of the Kyrenia Range and linked main thru sts delineating the
core of the Kyrenia range, the Orga, Kythrea and Ovgos Faults, with three prominent
thrust culminations and their intervening piggy-back basins (i.e. the Mirtou and
Aspromouti synclines) in the easternmost Antalya Basin (Fig. 7.2). They interpreted these
faults in easternmost Antalya Basin as north-dipping, south-verging thrusts based on the
structural architecture of the associated growth strata and further argued that they define
an west-northwest-east-southeast striking imbricate fold/thrust system. As for the activity
of this fold/thrust system, they proposed a Late Miocene to Recent age for thrusting with
increased tectonic activity in late Miocene and middle Pliocene, interrupted by a period of
quiescence coinciding with the development of the M-reflector and the deposition of the
basal Pliocene-Quaternary subunit. However, apart from this initial correlation Caton et
al. did not carry these structure westward into Antalya Basin.
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Papazachos and Papaioannou ( 1999) used the spatial distribution of shallow-and
intermediate-depth earthquake data and documented a continuous boundary between the
Eurasian and African Plates across the eastern Mediterranean Sea. They calculated

f~tult

plane solutions using recent earthquake data and determined the character of relative plate
motion. Papazacho and Papaioannou ( 1999) plotted the focal depth of intermediate
earthquakes along a line that crosses the Antalya Basin in a southwest-northeast direction
and observed that the plot points out the presence of a well-defined Benioff Zone dipping
in a northeast direction. They also demonstrated the presence of a north-northeast striking
dextral transform fault with a thrust component west of Cyprus, the Paphos Transform
Fault. They suggested that this fault connects two concave segments ofthe plate
boundary: the east-northeast trending Cyprean Arc which links with the Eastern Anatolian
Transform Fault in southeastern Turkey, and the west-northwest striking Florence Rise
which joins with the Rhodes Fault furth er northwest.
Mascle et al. (2000) used multibeam swath bathymetry in conjunction with single
channel seismic reflection profiles from offshore Egypt and showed the presence of a belt
of N 145°E trending, crustal-scale right-lateral transtensional faults that obliquely transect
the eastern Nile deep-sea fan . Mascle and his co-workers interpreted this fault zone as to
define the western boundary of a newly-defined Sinai-Levantine Microplate which
represents a segment of the African craton disconnected from the African plate as a
consequence of the collision between the Eratosthenes Seamount and Cyprus. They
showed that this microplate moves independently from the surrounding Arabian and
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African Plates, and the Anatolian-Aegean Microplate, along the Dead ea Transform Fault
to the east, the Cyprus Arc to the north and the Suez Rift System in the west-southwest
Mascle et al. (2000) described the northwestern boundary of the Levantine-Sinai
Microplate as defined by a

145°E trending transtensive faults with an apparent right-

lateral component. Papazachos and Papaioannou ( 1999) suggested the presence of a
north-northeast striking transform right-lateral fault with a thrust component in the
offshore southwestern Cyprus. Although these two faults do not overlap geographicall ,
they display similar characteristics in term of their relative sense of movement, hence
yield a possibility that they may represent a common boundary (Fig. 7. I I). De pite
considerable efforts, the anatomy of thi c mplex plate boundary is still not fully
understood . The data presented by Papazachos and Papaioannau ( 1999) and Mascle et al.
(2000) bring us a step closer to resolving geometric relationships of large tectonic
elements in this region. Clearly, new data are needed to confirm the linkage between the
Paphos Transform Fault, the unnamed western boundary fault of the Levan tine-Sinai
Microplate and the Florence Rise. The transpressional deformation documented in the
southern segment of the study area is believed to be somehow related to these right-lateral
faults, although a better understanding of these structures again require den er seismic
grid as well as additional eismic coverage ftmher south.
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Fig. 7.11. Map showing the right-lateral transform Paphos Fault (Papazachos and
Papaioannou, 1999) and the right-lateral transform fault defining the north-western
boundary of the Sinai microplate (Mascle et al., 2000).
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CHAPTER 8. Conclusions

Detailed mapping of the major structural culminations of the Antalya Basin and the
intervening basins, the thorough interpretation of the temporal and spatial development of
these structural elements, and the analysis of the seismic stratigraphic architectu re of the
Pliocene-Quaternary basins reveal the fo llowing salient conclusions for the Miocene to
Recent tectonic evolution of the Antalya Basin:

1. Antalya Basin evolved as part of the leading syncline in front of the central Taw·ide

fold/thrust belt during the middle-late Miocene in a forearc setting no11h of the AfricanEurasian convergent plate boundary. The Miocene fill (i.e. Unit 3) of the basin probably
consists of deep-water siliciclastic deposits.
2. During the middle-late Miocene regional compression, several major not1hwestsoutheast-striking, no11h-dipping and south-verging thrust culminations developed in the
Antalya Basin and split the large depocenter into several smaller basins. These
culminations define the ramp anticlines of the underlying buried thrust faults, while the
intervening basins represent the piggyback basins carried by these thrust fault . This
overall structural architecture is interpreted to define a cntstal-scale imbricate fold/thrust
belt.
3. The transition from late Miocene (Tortonian) to Messinian is marked by a prominent
reflector in the Antalya Basin, the

-reflector, and records a period of erosion associated

with the initial desiccation of the Mediterranean ea. The deposition of the evaporites
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(Unit 2) in the Antalya Basin took place during the Messinian. The final de iccation of the
Mediterranean Sea at the end of the Miocene and the subaereal exposure of the sea-floor
at that time resulted in the development of a major erosional surface, represented by the
well-defined angular unconformity on the eismic reflection profiles, theM-reflector.
4. The stable south-verging character of the fold/thrust belt throughout the study area
sugge ted a major phase of contractional deformation during the middle-late Miocene. A
fundamental change in kinematic regime occurred during the transition fi·om the Miocene
to Pliocene-Quaternary. In the northern-central portion of the deep Antalya Basin, the
fold-thrust belt displayed a protracted activity from the early Pliocene to Recent with
intervals of accelerated growth during the middle Pliocene-Quaternary. During its early
Pliocene to Recent growth, the fold-thrust belt was overprinted by the concurrent
extensional/transtensional fault activity developed in relation to the westward displacem nt
ofthe Tauride block as the eastern segment ofthe Aegean-Anatolian Microplate initiated
its westward escape in the latest Miocene to early Pliocene. Whereas, in the southern
p011ion of the deep Antalya Basin the cessation of the fold/thrust activity occurred in the
latest Miocene and the transpressional fault activity exclusively dominated this portion of
the study area in the early Pliocene to Recent. The transpressional fault activity is
interpreted to be related to the collision of the continental fragment Eratosthenes
Seamount with Cyprus during the early Pliocene to Recent, which as a re ult has choked
the subduction along the Cyprus Arc, generating a transpressional tress field .
5. The stratigraphic and structural architecture of the Antalya Basin with a distinctive set
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of north-dipping, south-verging imbricate thrusts in conjunction with the basin' s
geographic setting between the boundary of the Athcan Plate and the Aegean-Anato lian
Microplate to the south and the volcanism documented in the !sparta Angle area to the
north, are interpreted to suggest that Antalya Basin represents an accretionary prism at
least since the middle Miocene.
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Appendix: Map of the study area showing the locations of seismic reflection profiles illustrated in Chapters 5and 6.

