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Abstract Onshore and offshore seismic and geologic-
morphologic evidence from the wider region of the Canakkale
Basin indicates that this area has been widely exposed to
transpressional tectonism, which already commenced in the
Pliocene. During this transpressional tectonism, the Gelibolu
Fault and the Anafartalar Shear Zone on the Gelibolu
Peninsula, as well as the Bozcaada-Biga Shear Zone on the
Biga Peninsula were activated. As a consequence, the northern
part of the Gelibolu Peninsula, and a broad zone between
Bozcaada Island and the Karaburun Peninsula were uplifted to
form the northern and southern boundaries of the Canakkale
Basin, respectively. This remained a low-elevation intermon-
tane basin between these two highlands. The original morphol-
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ogy of the Canakkale Basin may have developed as a coastal
and shelf section of the large extensional Marmara Sea Basin at
the end of the Late Miocene. This tectonic phase was followed
in the Pliocene by the transpressional tectonism of the North
Anatolian Fault Zone, which destroyed the initial morphology
and formed the present V-shaped basin. The activity of the
Gelibolu Fault and the Anafartalar Shear Zone along the
northern boundary of the Canakkale Basin ended in the late
Pleistocene with the initiation of the northern segment of the
North Anatolian Fault Zone. The tectonism along the northern
boundary of the Canakkale Basin thus shifted from a trans-
pressional to a transtensional regime. Seismic data indicate that
the Bozcaada-Biga Shear Zone continues to be active to the
present day.

Introduction

The Canakkale Basin is a NE-SW-oriented narrow depression
lying between the Biga and Gelibolu peninsulas in NW
Anatolia (Fig. 1). This elongated basin contains Late
Miocene—Quaternary sediments, and is tectonically bounded
by pre—Late Miocene volcanic-sedimentary rocks of the Biga
and Gelibolu peninsulas (Erol 1968, 1992; Erol and Nuttal
1973; Saner 1985; Stimengen et al. 1987; Siyako et al. 1989;
Okay et al. 1990; Elmas and Meri¢ 1998; Tiiysiiz et al. 1998,
Yaltirak et al. 1998, 2000; Elmas 2003; Gokasan et al.
2008, 2010; Ustadomer et al. 2008). The Canakkale Strait
(Dardanelles), which connects the Marmara and Aegean seas,
passes longitudinally through the Canakkale Basin (Fig. 1).
The Canakkale Basin is located at the northeastern
corner of the Aegean Sea between the Saros and
Edremit gulfs on the west coast of Anatolia (Fig. 1).
Several E-W-, NE-SW-, and NW-SE-oriented graben
structures, which are filled by Miocene and younger
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Fig. 1 Location maps of the
study area, showing the three
segments of the North Anatolian
Fault Zone in a digital elevation
model of the Marmara region
(modified after Barka and
Kadinsky-Cade 1988; Saroglu
et al. 1992; imren et al. 2001;
Gokasan et al. 2003; Ustadmer
et al. 2008). The inset shows the
North Anatolian and East
Anatolian fault zones along the
Anatolian Block. NS-, CS-,
SS-NAFZ Northern, central, and
southern segments of the North
Anatolian Fault Zone, respec-
tively, MS Marmara Sea, CS
Canakkale Strait, /S Istanbul
Strait, IG Tzmit Gulf, G Gazikdy
village, K Kavakkdy village,
GP Gelibolu Peninsula, GG
Gemlik Gulf

deposits, are located in western Anatolia where they are
controlled by the N-S-oriented Aegean extensional regime
(e.g., Sengdr 1979, 1980; Seyitoglu and Scott 1994;
Yilmaz et al. 2000). These graben structures find their
morphological expression in a number of gulfs located
along the shoreline—for example, the Saros and Edremit
gulfs, and their landward extensions in wide river valleys.
Although the Canakkale Basin has some similarities with
the graben structures in terms of its location, orientation,
and sedimentary fill, the northern boundary is not
extensional in origin but was formed by a northwest-
facing thrust fault, the Anafartalar Fault (Saner 1985;
Elmas and Meri¢ 1998; Yaltirak et al. 1998, 2000).
Therefore, unlike the graben system in western Anatolia,
the evolution of the Canakkale Basin has partly or
completely been controlled by compressional tectonics.
Previous studies in the northeastern corner of the Aegean
Sea primarily focused on the evolution of the Saros Gulf
(Saner 1985; Tiiysiiz et al. 1998; Yaltirak et al. 1998;
Saatcilar et al. 1999; Kurt et al. 2000; Ustaomer et al.
2008), the Canakkale Strait (Yalginlar 1949; Erol 1968,
1992; Elmas and Meri¢ 1998; Yaltirak et al. 2000; Gokasan
et al. 2008, 2010) and the Ganos Fault, the latter being the
western continuation of the northern segment of the North
Anatolian Fault Zone (NS-NAFZ; Saner 1985; Elmas and
Meri¢ 1998; Tiiysiiz et al. 1998; Yaltirak et al. 1998, 2002;
Okay et al. 1999, 2004; Ustadmer et al. 2008). The
Canakkale Basin has therefore been considered to have
formed during the evolution of the Saros Gulf. Yet, only
very few studies have focused on the basin itself (Elmas
and Meri¢ 1998; Yaltirak et al. 2000). In addition, the
present tectonic activity of the Canakkale Basin has in the
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past not been clearly linked to the NS-NAFZ, which has
been interpreted as a transtensional fault in the Saros Gulf
(Taymaz et al. 1991; Yaltirak and Alpar 2002; Karabulut
et al. 2006; Ustadmer et al. 2008).

In this study, we focus on the morpho-tectonic development
of the Canakkale Basin, which is represented by Late Miocene
and younger units exposed along the coast of the Canakkale
Strait (Fig. 2a). We used high-resolution seismic and bathy-
metric/topographic data as well as field investigations to (1)
evaluate the basin architecture and its relation to the tectonic
elements; (2) identify the characteristics of the late Pleisto-
cene—Holocene tectonism; and (3) address the role of these
tectonic structures in the evolution of the Canakkale Basin.

Materials and methods

High-resolution single-channel seismic and multi-beam
bathymetric data were collected between 1979 and 2005
in the course of numerous cruises onboard the TCG
Cubuklu operated by the Turkish Navy, Department of
Navigation, Hydrography and Oceanography (TN-DNHO;
Fig. 2a). Multi-channel seismic data were collected in 1995
on board the R/V MTA Seismic 1 operated by the General
Directorate of Mineral Research and Exploration.

The seismic data were previously evaluated by Cagatay
et al. (1998), Demirbag et al. (1998), Yaltirak et al. (1998,
2000), Gokasan et al. (2003, 2008, 2010) and Ustadmer
et al. (2008), and the bathymetric data partly or completely
by Gokasan et al. (2008, 2010) and Ustadmer et al. (2008).
All the seismic and bathymetric profiles considered in the
present study are shown on Fig. 2.
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Fig. 2 a Simplified geological @
map of the Canakkale Basin and
surrounding area (compiled
from Erol and Nuttal 1973;
Stimengen et al. 1987; Siyako
et al. 1989; Okay et al. 1990;
Yaltirak et al. 2000). ASZ
Anafartalar Shear Zone, AG
Araplar Gorge, B Bozcaada
Island, G Gokgeada Island,
bold lines locations of seismic
profiles. b Geological section
A-B along the line crossing the

Gelibolu Peninsula (not to scale;
see a for location)

Lower Eocene
(pre-Miocene basement)

LY

B Legend

Lake
Quaternary
Marine terraces
Pliocene

Upper Miocene

I Pre-Miocene-Miocene
basement

Mid Eocene - Oligocene
(pre-Miocene basement)

Results
Morpho-tectonic situation in the Marmara region

The modern morphology of the Marmara region, which
consists of the Marmara Sea and its surroundings, including
the Biga and Gelibolu peninsulas, mostly reflects remnants
of a mature horizontal erosion surface termed the Thrace-
Kocaeli peneplain (Cvijic 1908; Pamir 1938; Emre et al.
1998; Ering 2000; Elmas 2003; Gokasan et al. 2005, 2008;
Yilmaz et al. 2010). According to Yilmaz et al. (2010), the
erosion of this peneplain took place from the Late
Oligocene to the end of the Late Miocene. Since the end
of the Miocene, the Thrace-Kocaeli peneplain has been
rejuvenated by neotectonic activity controlled by the
Aegean extensional regime and the North Anatolian Fault
Zone (Yiumaz et al. 2010). During the initial phase of
neotectonic activity, the Marmara Sea Basin developed
under N-S extensional tectonism, in the course of which
some fragments of the peneplain were lowered by normal
faulting, thereby creating new base levels for deposition.
Both the Saros Gulf and the Canakkale Basin are thus
lowered parts of this surface, whereas the Thrace and Biga
peninsulas constitute the elevated ridges separating the
basins. The transtensional phase was followed by dextral

shear tectonics of the North Anatolian Fault Zone (Le Pichon
et al. 2001; Gokasan et al. 2003; Sengor et al. 2005; Yilmaz
et al. 2010).

The North Anatolian Fault Zone (NAFZ) is the main
tectonic element controlling the present-day tectonic regime in
the Marmara region. It is a 1,500-km-long dextral strike-slip
fault extending across northern Anatolia from the Karliova
region in the east to the northern Aegean Sea in the west
(Ketin 1948; Sengér 1979; Sengdr et al. 1985, 2005; Barka
and Kadinsky-Cade 1988; Saroglu et al. 1992; Reilinger
et al. 1997; see inset of Fig. 1). To the east of the Marmara
Sea, the NAFZ bifurcates into three segments. The NS-
NAFZ, which is the most active of these, extends into the
Marmara Sea via the Izmit Gulf, thereby dissecting the
approximately ENE-WSW-oriented deep Marmara Basin,
whereas the central segment (CS-NAFZ) passes through the
Gemlik Gulf and then follows the southern coastline of the
Marmara Sea (Barka and Kadinsky-Cade 1988; Wong et al.
1995; Imren et al. 2001; Le Pichon et al. 2001; Armijo et al.
2002; Gazioglu et al. 2002; Gdkasan et al. 2003; Giirer et al.
2003, 2006). The southern segment (SS-NAFZ), in turn,
passes through the terrestrial area south of the Marmara Sea
(Barka and Kadinsky-Cade 1988; Gtirer et al. 2003, 2006;
Fig. 1). Considering the geodetic velocities and the offset in
the western submarine ridge in the Marmara Sea (Fig. 3a),
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Le Pichon et al. (2001) suggested that the NS-NAFZ has
developed in the Marmara Sea since 200 ka B.P.

Just before the NS-NAFZ reaches the northwest coast of
the Marmara Sea, it changes its direction by 17° toward the
south, being also known as the Ganos Fault (Fig. 1) from
there onward (Okay et al. 2004). This change in orientation
forms a restraining bend in the fault zone, which adds a
26'24°E

2548'E 2606'E
1 1

2642

compressional component to the NS-NAFZ (Okay et al.
1999, 2004; Yaltirak and Alpar 2002; Gokasan et al. 2003).
The compressional nature of this fault can be clearly seen in a
seismic section located south of Gazikoy village where the fault
enters Thrace (Fig. 4a). Onland, the compressional component
of the NS-NAFZ is revealed by sharply increased inclinations
of the Upper Miocene units toward the fault, and by the
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Fig. 3 a Digital elevation model of the Canakkale Basin and
surrounding areas (modified after Gokasan et al. 2010). B-BR
Bozcaada-Biga Ridge, AG Araplar Gorge, GM Ganos Mountains,
KR Karamenderes River, KP Karaburun Peninsula, WR western ridge,
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SG Saros Gulf, B Bozcaada Island, /ines 1—4 locations of topographic
profiles. b Topographic profiles across the onland part of the
Canakkale Basin (see a for locations). ASZ Anafartalar Shear Zone,
CS Canakkale Strait, B-BR Bozcaada-Biga Ridge
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Fig. 4 a High-resolution NW
seismic profile cross-cutting the 00
offshore extension of the Ganos

Fault (NS-NAFZ) along the Z Unit 1

western margin of the Marmara
Sea (see Fig. 2a for profile
location). M Multiple. b
Multi-beam bathymetric map
showing surface ruptures of
the Ganos Fault and the inner
depression (/D) along the Saros
Gulf (modified after Ustamer

Ganos Fault (NS-NAFZ)

et al. 2008). The inset shows
the detailed morphology of
back-tilted blocks, indicating the
transtensional character of the
Ganos Fault (thick white thick
arrow view direction (vd) of
inset; see Fig. 3a for location).
Focal mechanism solutions were
compiled from Taymaz et al.
(1991) and Karabulut et al.
(2006). ¢ High-resolution seis-
mic profile from the Saros Gulf,
showing the Ganos Fault and the
inner basin (modified after
Ustadmer et al. 2008; see Fig. 2a
for profile location)

uplifted Ganos Mountains as a restraining ridge (e.g., Tiiysiiz
et al. 1998; Yaltirak and Alpar 2002; Okay et al. 2004).

In the Saros Gulf and the NE Aegean Sea, the character and
geometry of the Ganos Fault (NS-NAFZ) were investigated in
detail by Ustadmer et al. (2008) on the basis of high-
resolution swath bathymetric and seismic data. They showed
that the western extension of the Ganos Fault longitudinally
dissects the Saros Gulf into a narrow deformation zone along
the eastern shelf margin of the gulf, and two NE-SW-
oriented fault zones along the adjacent basin floor (Ustadmer
et al. 2008; Fig. 4b). These latter two fault zones, which cut
the basin floor along its central axis, have generated a new
Riedel-type pull-apart basin (inner depression), which gives
the Ganos Fault in the Saros Gulf a transtensional character
(Ustadmer et al. 2008; Fig. 4b, c). The transtensional nature
of the fault was also highlighted by the analyses of the 1975
earthquake (Taymaz et al. 1991), and the earthquake
sequence of 2003 (Karabulut et al. 2006; Fig. 4b). These
observations indicate that the transpressional character of the
Ganos Fault (NS-NAFZ) along the Ganos Mountains is
replaced by a transtensional one in the Saros Gulf.

Under these morpho-tectonic circumstances, the present
morphology of the Canakkale Basin is represented by a

Ganos Fault
(NS-NAFZ

NE-SW-oriented lowland located between the Biga and
Gelibolu peninsulas (Fig. 2a, b). The southern boundary of
the basin is morphologically clearly visible along the Biga
Peninsula as a NE-SW-trending highland stretching from
Bozcaada Island in the south to the Karaburun Peninsula in
the north (Figs. 2, 3). This highland is called the Bozcaada-
Biga Ridge (B-BR; Fig. 3a, b, profiles 1-4). The northern
boundary of the basin, on the other hand, is morphologically
less clear. In the eastern and central parts of the Gelibolu
Peninsula, the northern boundary forms the most elevated areca
of the peninsula (Figs. 2, 3a, b, profiles 1 and 2). In the
western parts of the peninsula, by contrast, the morpholog-
ically highest zone is formed by Pliocene clastics, and the
northern boundary of the basin lies under an alluvial plain.
This means that the northern boundary of the basin is not
well pronounced in the morphology along this part of the
peninsula (Figs. 1, 3a, b, profiles 3 and 4).

Depositional sequences of the Canakkale Basin
The sediments of the Canakkale Basin, which consist of

Late Miocene and younger (Pliocene, Quaternary) deposits,
unconformably overlie the pre-Miocene to Miocene base-
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ment cropping out on the Gelibolu and Biga peninsulas
(Fig. 2). On the Gelibolu Peninsula, the basin deposits are
delimited by a northwest-facing thrust fault (the Anafartalar
Thrust Fault) that runs parallel to the axis of the peninsula
(Saner 1985; Yaltirak et al. 1998, 2000; Yaltirak and Alpar
2002; Fig. 2). The basin deposits are also delimited by a
tectonic unconformity on the Biga Peninsula where the pre-
Miocene to Miocene basement crops out in the hinterland
(Elmas and Meri¢ 1998).

Upper Miocene sediments consist of siliciclastic and
limestone particles deposited in fluvio-lacustrine, beach, and
shallow marine environments, in addition to some volcanic
rocks that crop out on both sides of the Canakkale Strait (Erol
1968; Erol and Nuttal 1973; Siimengen et al. 1987; Elmas and
Meri¢ 1998; Tiiysiiz et al. 1998; Yaltirak et al. 1998, 2000;
Saking and Yaltirak 2005; Fig. 2b). The Upper Miocene
sediments are overlain by Pliocene clastics (the Conkbayir
Formation; Stimengen et al. 1987; Yaltirak et al. 1998) and
Quaternary marine terraces (Erol and Nuttal 1973; Yaltirak
et al. 2002; Fig. 2). U/Th dates indicate that the onland marine
terraces were emplaced between 200 and 50 ka B.P. (Yaltirak
et al. 2002). Alluvial sediments along the Canakkale Strait and
the coasts of the SW Marmara Sea and the NE Aegean Sea
constitute the most recent deposits of the Canakkale Basin.

The same stratigraphic sequence is observed on seismic
records from the Canakkale Strait and its exits to the Marmara
and Aegean shelves. Thus, four seismic units (units 1, 2, 3,
and 4) have been distinguished in the Canakkale Basin on top
of a basement reflector representing the upper surface of the
Early-Middle Miocene and pre-Miocene rocks identified in
previous studies (Smith et al. 1995; Cagatay et al. 1998;
Yaltirak et al. 2000; Ergin et al. 2007; Gokasan et al. 2008,
2010; Figs. 4a, 5, 6, 7, 8, 9).

Unit 4 is the lowermost unit observed on the high-
resolution seismic profiles (Figs. 4a, 5, 6, 7, 8). It has been
interpreted as the submarine extension of the Upper

Miocene deposits of the Canakkale Basin (Yaltirak et al.
2000; Gokasan et al. 2008; Fig. 2). High-amplitude,
continuous parallel reflectors of unit 3 terminate with
onlaps and downlaps onto the erosional upper surface of
unit 4 (Figs. 5, 6, 7). Unit 3 was observed mainly on the
Aegean and Marmara shelves (Smith et al. 1995; Cagatay
et al. 1998; Ergin et al. 2007; Gokagan et al. 2010). In the
Canakkale Strait, this unit has been interpreted as the
submarine extensions of the onland marine terraces lining
the coastline (Gokasan et al. 2008, 2010; Fig. 2). The
boundary between units 2 and 3 is formed by a regional
erosion surface that developed on the shelf of the Marmara
Sea during the last glacial period at the late Pleistocene—
Holocene transition (Smith et al. 1995; Ergin et al. 1997;
Aksu et al. 1999; Gokasan et al. 2010). This unconformity
was dated as having been formed between ~23 and 12 ka B.p.
(Hiscott and Aksu 2002). Unit 2 represents a deltaic deposit,
as revealed by its oblique—sigmoidal reflectors developed on
the erosional unconformity during the deglaciation period of
the last glacial stage along the Aegean and Marmara sea exits
of the Canakkale Strait (Smith et al. 1995; Gdkasan et al.
2010). Along the Canakkale Strait, this unit occurs only off
the modern river mouths, indicating that it forms the offshore
extensions of modern alluvial deposits (Gokasan et al. 2008,
2010). Unit 1 represents the uppermost deposits in the study
area (Figs. 4a, 5, 6, 7, 8). It comprises flat-lying parallel
reflectors terminating with onlaps and downlaps onto the
older units. The uppermost layer of unit 1 forms the modern
seafloor, and thus probably constitutes the most recent
offshore deposits of the Canakkale Basin (Gokasan et al.
2008, 2010).

Structural features along the Canakkale Basin

Structural features along the Canakkale Basin are observed
both onland and offshore. Onland, the transpressional

Fig. 5 N-S-oriented seismic profile from the NE Aegean Sea shelf (modified after Cagatay et al. 1998). The insets show detailed interpretations
(see Fig. 2a for location). Ul—4 Depositional units, F'/—3 faults, B-BSZ Bozcaada-Biga Shear Zone, M multiple
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N S
wpot 22 km

Fig. 6 N-S-oriented seismic profile from the NE Aegean Sea shelf, offshore Gokgeada Island (see Fig. 2a for location). UI—4 Depositional units,

FI fault, M multiple

structures on the Gelibolu Peninsula are widely developed
in the Late Miocene and Pliocene deposits. The structures
are represented by NE-SW- and ENE-WSW-trending folds,
recumbent beds, small-scale thrust faults, and high-angle
strike-slip faults. The Anafartalar Shear Zone (ASZ; called
the Anafartalar Thrust Fault in Yaltirak et al. 1998, 2000,
and Yaltirak and Alpar 2002) is the most dominant structure
on the Gelibolu Peninsula. It is a convex shear zone that is
clearly visible in the NE part of Gelibolu (Fig. 2a). The
shear zone is a vertical to subvertical, narrow (50—-100 m)
deformation zone marked by highly altered red-green rocks

comprising clay, silt, and sand with interspersed fault
breccia. The units both to the N and S have steeper angles
toward the shear zone, and in some places even overturn
(Fig. 2b). The recumbent beds are developed toward the
eastern limb of the convex shear zone. Here, both the
Miocene and the unconformably overlying Pliocene sediments
overturn toward the south with steep angles. Small-scale thrust
faults are observed in the Late Miocene units, and small-scale
strike-slip faults occur in both the Late Miocene and Pliocene
deposits. The strike-slip faults have a dominant NE-SW trend
with a dextral sense of shear.

No compressional tectonics

Fig. 7 a NW-SE- and b NE-SW-oriented seismic profiles from the Marmara Sea exit of the Canakkale Strait (modified after Ergin et al. 2007; see
Fig. 2a for locations). M Multiple
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Fig. 8 a NW-SE-oriented high- SE
resolution seismic profile from B
the Canakkale Strait. b NW-
SE-oriented high-resolution
seismic profile from off the Nara
Cape in the Canakkale Strait,
showing the active transten-
sional Nara Fault (both profiles
after Gokasan et al. 2008;

see Fig. 2a for locations).

NW
3.6 km

M Multiple

e flower structure—»

0.12
®

In the offshore, the initially parallel reflections of units 1
to 4 are deformed along some sections (Figs. 4a, 5, 6, 7,
8, 9) where the originally horizontal or very slightly
inclined reflectors dip at high angles. These irregular zones
are interpreted as faults (Fig. 10), the most important one
being the Ganos Fault (Figs. 4a—c, 10). As mentioned
above, the transtensional character of the Ganos Fault is
clearly seen on both seismic and bathymetric data along the
Saros Gulf (Ustadmer et al. 2008; Fig. 4b, c), whereas field
observations and seismic records from the western margin

0 4 8 10 20

TWT (s)

itive fl

Negative flower structure
(Nara Fault)

of the Marmara Sea show it to have a transpressional
character in this region (e.g., Okay et al. 1999; Fig. 4a).
Structural features are also seen in the Canakkale Strait
and its Aegean and Marmara sea exits. Three of these
(faults F1, F2, F3) can be seen at the Aegean Sea exit
(Figs. 5, 6, 10). Vertical displacements and accompanying
folds in the reflectors of units 3 and 4 along the fault zones
are clearly evident on the seismic records, indicating that
these faults are products of compressional tectonics (Figs. 5,
6). The northernmost member of these faults (fault zone F1)

SE
30

ower structure (B-BSZ)

o
- = et
Miocene and older
7 basement :

Fig. 9 NW-SE multi-channel seismic profile from the SW Marmara Sea shelf (modified after Ergin et al. 2007; see Fig. 2a for location). B-BSZ

Bozcaada-Biga Shear Zone
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Fig. 10 Locations of major faults in the study area. Red lines Active transtensional faults, black lines inactive transpressional faults, /'/-3 faults,
K Kemikli Cape, N Nara Cape, PFS positive flower structure (compiled from Gokasan et al. 2008, Ustadmer et al. 2008, and this study)

consists of two segments, one located along the shelf edge
between Gokcada Island and Cape Kemikli on the Gelibolu
Peninsula, the other one just south of the shelf edge,
running parallel to the shelf-slope transition (inset a of
Figs. 5, 6, 10). The dramatically inclined and folded
reflectors of units 3 and 4 in the foot wall, and the
increasing inclinations of the reflectors toward the fault
zone in the hanging wall of the southerly dipping faults of
fault zone F1 indicate a north-verged reverse fault system
(inset a of Figs. 5, 6). Another reverse fault (fault F2) runs
from the southeastern tip of Gokceada Island toward the
western shore of the Gelibolu Peninsula (inset a of Figs. 5,
10). Contrary to fault F1, this fault seems to be a south-
verged reverse fault (inset a of Fig. 5). South of the
Canakkale Strait exit, between Bozcaada Island and the
Biga Peninsula, a NE-SW-oriented fault (fault F3) is
observed on the seismic profiles (inset b of Fig. 5). This
fault is characterized by up-thrown internal reflectors of
units 3 and 4, indicating that fault F3 represents a positive
flower structure of a strike-slip fault (inset b of Fig. 5).
Gokagan et al. (2008, 2010) showed that some of the faults
along the central axis of the Canakkale Strait evidently
controlled the erosion that formed the strait itself. On a

seismic profile from the northern part of the Canakkale Strait,
the horizontal to low-angle inclinations of unit 4 reflectors
dramatically increase along part of the central axis of the strait
(Fig. 8a). In this section, unit 4 is seen to be uplifted by
approximately 20 ms, the sediments of unit 2 having been
deposited in the trough formed at the eastern limb of the
uplift. This suggests the existence of a positive flower
structure associated with a strike-slip fault along the northern
part of the Canakkale Strait (Figs. 8a, 10). Gokasan et al.
(2008, 2010) also identified a strike-slip fault that follows the
northern coastline of the Nara Cape, cross-cuts the N-S-
oriented part of the strait, and then enters the Gelibolu
Peninsula (Figs. 8b, 10). This fault has been named the Nara
Fault (Gokasan et al. 2008, 2010). Because the reflectors of
units 2 and 4 located within the Nara Fault have been lowered
together with the seafloor, this fault is interpreted to represent
a negative flower structure (Fig. 8b).

At the Marmara Sea entrance of the Canakkale Strait,
compressional features such as folding and reverse faulting
are also seen as major structures on the seismic profiles
(Fig. 7a, b). Here, units 3 and 4 have been folded and
uplifted by reverse faults and folds. The most significant
structure in the Marmara Sea entrance of the Canakkale
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Strait occurs off the Karaburun Peninsula. It has been
recorded on a NNW-SSE-oriented multi-channel seismic
profile (Fig. 9). On the eastern side of the profile, from km
15 to 47, the seismic reflectors of the Lower—Middle
Miocene and older rocks are uplifted to form a broad ridge.
Since uplifted parallel reflectors of the basement are
discontinued and vertically displaced along ruptures, the
uplifting process is evidently controlled by the broad shear
zone of a fault forming a positive flower structure, rather
than an anticline. This suggests the existence of a wide
transpressional fault zone located off the Karaburun
Peninsula (Figs. 9, 10).

Discussion and conclusions
Modes and timing of transpressional tectonics

Seismic interpretations as well as field studies indicate that
the Canakkale Basin and its vicinity have been affected by a
number of faults (Fig. 10). Most of these faults have
compressional character such as reverse or transpressional
faulting, which indicates that the Canakkale Basin has
experienced compressional tectonism in its history. Of these,
faults F1, F2, and F3, as well as the fault off the Karaburun
Peninsula, are interpreted as major compressional faults.
Two of the faults (faults F1 and F2) located on the NW
Aegean Sea shelf between the Gelibolu Peninsula and
Gokgeada Island are interpreted to represent reverse faults
verging toward the north and south, respectively (Figs. 5,
6). The northern member, the Gelibolu Fault (fault F1),
overlies the southern slope of the Saros Gulf, while lining
up farther east with the northern linear coastline of the
Gelibolu Peninsula (Fig. 10). This fault coincides with the
northern boundary fault of the Gelibolu Peninsula, which
was named the Gelibolu Fault (fault F1) by Yaltirak and
Alpar (2002). Fault F2, on the other hand, is well correlated
with the ASZ on the Gelibolu Peninsula (Fig. 10). Seismic
data show that the area between faults F1 and F2 has been
uplifted to form the northern boundary of the Canakkale
Basin, as previously suggested by Yaltirak (1995). The
Pliocene-aged Conkbayir1 Formation (Okay et al. 1990),
which was deposited when the northern boundary of the
Canakkale Basin was uplifted by the Gelibolu Fault and the
ASZ (Yaltirak 1995), indicates that both the Gelibolu Fault
and the ASZ have been activated in the Pliocene. On
seismic profiles from the Aegean shelf, faults F1 and F2 are
observed to affect only seismic units 3 and 4; hence, units 1
and 2 are not cut by these faults. This observation is
confirmed by the presence of the compressional structures
on the western shelf of the Marmara Sea at the Canakkale
Strait exit where no compressional effects are observed in
the sediments of unit 1 and the erosional surface at the top
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of unit 3, indicating that compressional tectonics ended
prior to the formation of units 1 and 2. These, in turn,
indicate that the activity of faults F1 and F2, ie., the
Gelibolu Fault and the ASZ, ended in the late Pleistocene.

The present-day tectonic activity along the Saros Gulf
and the Canakkale Strait, and hence the northern boundary
of the Canakkale Basin, is controlled by the transtensional
Ganos and Nara faults, and not by the Gelibolu Fault and
the ASZ (Fig. 10). Ustadmer et al. (2008) suggested that the
Ganos Fault (NS-NAFZ) was a very recent feature in the
Saros Gulf. The eastern extension of this fault in the
Marmara Sea was interpreted to have been activated some
200 ka B.P. (Le Pichon et al. 2001). The NS-NAFZ (Ganos
Fault) along the Marmara Sea and the Saros Gulf was thus
initiated in the late Pleistocene, at the time when the
Gelibolu Fault and the ASZ became inactive.

Fault F3 is a transpressional fault located on the Aegean
shelf between Bozcaada Island and the Biga Peninsula. The
positive flower structure of this fault correlates with the
B-BR on the Biga Peninsula where it forms the SW
boundary of the Canakkale Basin (Fig. 3a, b, inset b of
Fig. 5). Especially the origin of the buried meandering part
of the Karamenderes River, called the Araplar Gorge, is
well explained by the transpressional character of fault F3
(Figs. 2a, 3a). The northern submarine extension of the
B-BR also lines up with the broad positive flower structure
located off the Karaburun Peninsula (Fig. 9). Therefore,
fault F3 may actually be connected with the positive flower
structure via the NE-SW-oriented B-BR (Figs. 3a, b, 10).
The B-BR can thus be interpreted as representing the broad
shear zone of a transpressional fault named the Bozcaada-
Biga Shear Zone (B-BSZ; Fig. 10). Although no data are
available to indicate the initiation of the B-BSZ, the
geometric similarities with the Gelibolu Fault and the
ASZ suggest that this fault may also have been activated
in the Pliocene. However, unlike the Gelibolu Fault and the
ASZ, the activity of the B-BSZ still continues in fault F3
today (inset b of Fig. 5).

Architecture of the Canakkale Basin

Ergin et al. (2007) distinguished the Upper Miocene—
Pliocene deposits, which are coincident with unit 4 of the
present study, from the pre-Miocene basement seen on deep
multi-channel seismic profiles by correlating these on the
western shelf of the Marmara Sea with the onland geology.
This interpretation provided the key for the recognition of
the boundary of the Canakkale Basin on the NNW-SSE-
oriented deep multi-channel seismic profile from the western
Marmara Sea shelf, and for reconstructing the general
architecture of the Canakkale Basin (Fig. 9). According to
the seismic data, the Canakkale Basin is secen as a broad
V-shaped channel filled by Upper Miocene and younger
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deposits. It is delimited along its southeastern and north-
western margins by basement ridges. The seismic data
indicate that the southeastern boundary of the basement is
controlled by a broad positive flower structure called the
B-BSZ (Figs. 9, 10). Along the northern boundary, some
reverse faults are also seen to uplift the basement (Fig. 9),
indicating that the V-shaped morphology of the Canakkale
Basin is formed by transpressional structures uplifting the
basement along the fault zones. Parallel-bedded strata of the
Upper Miocene and younger deposits of the Canakkale
Basin are concordantly folded with the basement, forming a
V-shaped synclinal structure, which suggests that the
compressional forces simultaneously affected at least the
lower part of the basin deposits together with the basement
(Fig. 9). On the other hand, the parallel bedding of the basin
deposits indicates that the sediments were deposited under a
relatively low-energy regime, and that they originally formed
a horizontally bedded succession comprising fluvio-
lacustrine, beach, and shallow marine sediments. This
suggests that the Marmara Sea Basin developed in the Late
Miocene during an initial extensional phase when the region
was still dominated by a shallow marine to coastal
environment.

Morpho-tectonic evolution of the Canakkale Basin

Previous studies dealing with the morphological develop-
ment of the western part of the Marmara region (Yaltirak
1995; Elmas and Meri¢ 1998; Yaltirak et al. 1998, 2000;
Gokasan et al. 2003; Yilmaz et al. 2010), together with the
recent seismic evidence, indicate that the morpho-tectonic

Ge

Saros Gulf

Fig. 11 Evolution of the Canakkale Basin. a Initiation of the Marmara
Sea Basin, the Canakkale Basin, and the Saros Gulf toward the end of
the Late Miocene. b Uplifting of the northwestern and southeastern
sides of the Canakkale Basin by the Gelibolu Fault, the ASZ, and the
B-BSZ during the Pliocene to form the basin boundaries, on account of
which it became separated from the Saros Gulf. ¢ Replacement of the

F CF

evolution of the Canakkale Basin may have started as the
southern shelf area of the initial Marmara Sea under a N—S
extensional regime at the end of the Late Miocene
(Fig. 11a). In the Pliocene, the initial stage was followed
by the dextral shear tectonics of the NAFZ (Yilmaz et al.
2010). During this period, the Gelibolu Fault and the ASZ
were activated, causing the Gelibolu Peninsula to be
uplifted to form the northern boundary of the Canakkale
Basin (Fig. 11b). At the same time, the Conkbayir
Formation was emplaced in front of the ASZ as an alluvial
fan and braided river deposit (Siimengen et al. 1987
Yaltirak 1995). Synchronously with the Gelibolu Fault and
the ASZ, the B-BSZ was activated to form the southern
boundary of the Canakkale Basin (Fig. 11b). As a
consequence, the Canakkale Basin remained a lowland
area wedged between two uplifted basement blocks,
eventually evolving into a V-shaped intermontane basin.
While the Gelibolu Fault and the Anafartalar Shear Zone
along the northern boundary of the Canakkale Basin
became inactive during the late Pleistocene, the newest
(northern) segment of the North Anatolian Fault Zone was
initiated. Since this segment has a transtensional character
in the Saros Gulf, the transpressional tectonic regime along
the gulf, including the northern boundary of the Canakkale
Basin, was transformed into a transtensional one (Fig. 11c).
The northern segment of the North Anatolian Fault Zone is
accompanied by some secondary active transtensional
faults in the Canakkale Strait, such as the Nara Fault
(Gokasan et al. 2008, 2010). The Bozcaada-Biga Shear
Zone, which forms the southern boundary of the Canakkale
Basin, is seismically still active today. The Canakkale

B-BSZ _ CB B-BSZ
CB ol —y Ss6_— ©S =
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transpressional tectonism along the northern boundary of the Canakkale
Basin by transtensional tectonics during the late Pleistocene, coinciding
with the activation the Ganos Fault along the Saros Gulf. CB Canakkale
Basin, SG Saros Gulf, GeF Gelibolu Fault, 4SZ and B-BSZ Anafartalar
and Bozcaada-Biga shear zones, respectively, CF Conkbayir1 Formation,
GF Ganos Fault, 4-B profile of the section (not to scale)
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Strait, by contrast, was excavated much later along the
lowest path of the Canakkale Basin by erosional forces
associated with the latest Mediterrancan—Black Sea con-
nection during the late Quaternary.
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