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Abstract In northwest Anatolia, there is a mosaic of
different morpho-tectonic fragments within the western
part of the right-lateral strike-slip North Anatolian Fault
(NAF) Zone. These were developed from compressional
and extensional tectonic regimes during the paleo- and
neo-tectonic periods of Turkish orogenic history. A NE-
SW-trending left-lateral strike-slip fault system (Ada-
pazari-Karasu Fault) extends through the northern part of
the Sakarya River Valley and began to develop within a
N-S compressional tectonic regime which involved all of
northern Anatolia during Middle Eocene to early Middle
Miocene times. Since the end of Middle Miocene times,
this fault system forms a border between a compressional
tectonic regime in the eastern area eastwards from the
northern part of the Sakarya River Valley, and an
extensional tectonic regime in the Marmara region to
the west. The extension caused the development of basins
and ridges, and the incursions of the Mediterranean Sea
into the site of the future Sea of Marmara since Late
Miocene times. Following the initiation in late Middle
Miocene times and the eastward propagation of extension
along the western part of the NAF, a block (North
Anatolian Block) began to form in the northern Anatolia
region since the end of Pliocene times. The Adapazari-
Karasu Fault constitutes the western boundary of this
block which is bounded by the NAF in the south, the
Northeast Anatolian Fault in the east, and the South Black
Sea Thrust Fault in the north. The northeastward move-
ment of the North Anatolian Block caused the formation
of a marine connection between the Black Sea and the
Aegean/Mediterranean Sea during the Pleistocene.
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Introduction

The North Anatolian Fault Zone (NAFZ) is a major,
active right-lateral strike-slip fault (Ketin 1969; Jackson
and McKenzie 1988; Barka 1992; Fig. 1) which consti-
tutes the northern boundary of the westward-moving
Anatolian Block and connects the compressional regime
in eastern Anatolia with the extensional regime in the
Aegean Sea region (McKenzie 1972; Sengor 1979;
Sengor et al. 1985; Dewey et al. 1986; Le Pichon et al.
1995; Armijo et al. 1996; Reilinger et al. 1997; McClusky
et al. 2000). Estimated ages for the initiation of motion
along the NAF range from the late Miocene at ca. 12—
13 Ma (Dewey and Sengér 1979; Sengor 1979; Sengor et
al. 1985; Dewey et al. 1986; Hempton 1987; Le Pichon et
al. 1995), the early Pliocene at ca. 5 Ma (Tatar 1975;
Barka and Hancock 1984; Barka and Kadinsky-Cade
1988; Kogyigit 1989; Barka 1992; Westaway 1994;
Platzman et al. 1998), to the late Pliocene at ca. 2.5 Ma
(Saroglu 1988). The NAF initiated soon after continental
collision between the Arabian and Eurasian plates
(Sengdr 1979; Dewey et al. 1986), and reached to the
west (Sengor et al. 1985; Barka 1996; Armijo et al. 1996;
Schindler 1997). However, Chorowicz et al. (1999) and
Adiyaman et al. (2001) proposed that NAF activity
initiated in the west and propagated eastwards by steps.

In northwestern Turkey, the NAFZ passes across
different morpho-tectonic units related to connections
between the Black Sea, the Sea of Marmara, and the
Aegean/Mediterranean seas. The intermittent seaway
connection between the Mediterranean Sea and the Sea
of Marmara during the late Miocene to Holocene interval
was generally controlled by right-lateral strike-slip fault-
ing (Ezine-Sarkoy Fault; Elmas and Meri¢ 1998). Also,
the initial connection between the Sea of Marmara and the
Black Sea occurred during Pleistocene times (Pfannen-
stiel 1944; Kosswig 1954; Bilgin 1984; Tchapalyga 1995;
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Meri¢c 1995a). However, the location and development
mechanism of this connection are unclear.

An understanding of the features and interrelations of
the major morpho-tectonic units of northwestern Turkey
is of critical importance to solving the neo-tectonic
problems of the region, and the development of the
seaway connecting the Black and Mediterranean seas.
The primary purpose of this paper is to present field
observations on the stratigraphy and structure from the
different morpho-tectonic units. Then, this information
was combined with existing geological and geophysical
data to establish the neo-tectonic evolution of the region.

Regional framework

The geological evolution of northwestern Anatolia is
divided into two major periods called the paleo-tectonic
and neo-tectonic periods. There are five tectonostrati-
graphic units formed in the paleo-tectonic period, which
constitute the basement for the Neogene—Quaternary
units. They are the Istanbul-Zonguldak Tectonic Unit,
the Armutlu-Ovacik Zone, the Sakarya Zone (Yigitbag et
al. 1999), the Strandja Zone, and the Thrace Paleogene
Basin (Fig. 2a). The NAFZ followed former tectonic lines
in between paleo-tectonic units such as the Istanbul-
Zonguldak Unit, the Armutlu-Ovacik Zone, and the
Sakarya Zone in northwest Anatolia (Elmas and Yigitbag
2001).

The Istanbul-Zonguldak Tectonic Unit, Sakarya Zone
and Strandja Zone contain different Paleozoic—Triassic
sequences (Sengor and Yilmaz 1981). The Armutlu-
Ovacik Zone, which lies between the Istanbul-Zonguldak
Tectonic Unit and the Sakarya Zone, appears to represent
a tectonic complex consisting of both zones brought
together by faulting (Yigitbag et al. 1999; Elmas and
Yigitbag 2001). A common sedimentary cover of the
Istanbul-Zonguldak Tectonic Unit, the Sakarya Zone and
the Armutlu-Ovacik Zone began to form in Late Campa-
nian—Maastrichtian times (Elmas et al. 1997). Also, the

Thrace Paleogene Basin is a large depression to the south
of the Strandja Zone (Fig. 2a). Its Lutetian—Oligocene
volcaniclastic rocks were deposited in a south-facing fore-
arc basin (Goriir and Okay 1996).

In northwest Turkey, all of the paleo-tectonic base-
ment units are unconformably covered by Neogene—
Quaternary strata (Fig. 2b). These strata range in age from
the end of the Middle Miocene to the Holocene, and were
deposited in morpho-tectonically different depositional
environments. A digital elevation model (DEM) image
showing the morphology (Fig. 3a), and field observations
on the stratigraphy and structure indicate the existence of
many morpho-structural units in northwestern Turkey.
The Neogene—Quaternary morpho-tectonic units are the
Thrace-Kocaeli Peneplain, the Camdag-Ak¢akoca/Armut-
lu-Almacik/southern Thrace/Gelibolu/southern Marmara/
Sakarya/Strandja highlands, the Thrace Neogene/Ada-
pazari/Marmara basins, the Saros Graben, the Adapazari-
Karasu/Izmit-Sapanca corridors, the Northern Sakarya
Low, and the Acarlar-Kocaali Coastal Zone (Fig. 4b). In
the following, the morphologic and geologic features of
these neo-tectonic units will be described separately.

Thrace-Kocaeli Peneplain

The Thrace-Kocaeli Peneplain (Fig. 4b; Pamir 1938) is an
erosion surface which lies 120-200 m above sea level. It
is bounded by fault scarps to the north, south and east.
The scarps correspond to post-peneplain morphologic
discordance, formed by reactivation of older faults.

The pre-Neogene units truncated by the peneplain are
Ordovician-Triassic sediments of the Istanbul-Zonguldak
Tectonic Unit (Fig. 5), and Turonian-Campanian volcani-
clastics. The upper parts of the pre-Neogene units consist
of Upper Campanian—-Lower Lutetian deposits which crop
out particularly west of the Sakarya River (Fig. 6a).

The Neogene sequence west of the Bosphorus is
represented by terrestrial-lacustrine deposits (Cukurgesme
and Giingoren formations) and mactra-bearing limestones
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Fig. 2 a The major paleo-tectonic units of northwestern Turkey
(partly compiled from Yigitbas et al. 1999, and Elmas and Yigitbas
2001). b The distribution of Neogene-Quaternary sequences in
northwestern Turkey (sites of the Pleistocene marine terraces are

(Bakirkoy Limestone). Along the coast of the Marmara
Sea, they rest on units of the Thrace Paleogene Basin in
the south, and the Istanbul-Zonguldak Tectonic Unit in
the north (Fig. 2a, b). Fossils from the Neogene strata (a,
b in Fig. 5) indicate a Late Sarmatian-Pontian age (Sayar
and Pamir 1933; Yalc¢inlar 1952). Other Neogene deposits
in the Istanbul region consist of a loosely compacted,
pebble—sand—clay sequence (Belgrad Formation). Cross
bedding is observed in the middle and upper parts of the
sequence. The average thickness of the unit is 10-20 m
but it attains a thickness of 40 m in the northern part of the
region. The pebbly and sandy Pontian-Lower Pliocene
units in the Kocaeli Peninsula (Yalg¢inlar 1952) have been
correlated to the deposits of the Belgrad Formation (c, d
in Fig. 5).

Camdag-Akcakoca Highland

The Camdag-Akgakoca Highland (Yigitbas et al. 2003) is
a mountainous region (Figs. 3a, 4b) with an elevation
locally above 1,000 m. Erosion reached to the pre-

compiled from Bargu and Saking 1989; Sakin¢ and Yaltirak 1997,
Emre et al. 1998). Stratigraphic and lithological descriptions of the
units are given in Fig. 5

Ordovician units in the western part of the Camdag-
Akgakoca Highland (Figs. 5, 6a). Three different erosion
surfaces in the region were developed during the
Miocene-Holocene interval (Uludag 1993).

The Camdag-Akg¢akoca Highland is where Neogene—
Quaternary strata are rarest among the morpho-tectonic
units in the Marmara region. The northwest part of the
uplift is partly overlain by the pebbly and sandy Pontian—
Pliocene deposits (Karasu Formation; e in Fig. 5) which
are observed on the Thrace-Kocaeli Peneplain. The
southwestern part of this uplift is overlain by the Late
Pliocene—Pleistocene sedimentary sequence of the Ada-
pazar1 Basin (Figs. 2b, 6a).

Armutlu-Almacik Highland

The Armutlu-Almacik Highland is an E-W-trending
mountainous region (Figs. 3a, 4b) more than 1,500 m
high. The high is bounded by branches of the NAF in the
north and south (Fig. 4a).
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Fig. 3 a Shadow image of the digital elevation model (DEM) of
northwestern Turkey. The DEM image is derived from GETOPO30
data of the USGS, at 1-km horizontal ground pixel resolution,

The Neogene units in the Armutlu-Almacik Highland
are observed in the high topographic areas, and the
Quaternary units are located in depressed areas along the
NAF zone. The Neogene sequence is represented by
Upper Miocene—Lower Pliocene fluvial, lacustrine and
marine units (Yalakdere Formation, Bargu and Saking
1989; Yalova Formation, Emre et al. 1998). The units are
unconformably overlain by Upper Pliocene alluvial
deposits. They are cut by faults which controlled the
deposition of the latest Pliocene—Pleistocene units in the
Izmit-Sapanca Corridor (Emre et al. 1998). Upper Pleis-
tocene marine terraces (Bargu and Sakin¢ 1989; j in
Fig. 5) are present at different levels due to episodic
tectonic uplift.

Thrace Neogene Basin

The Thrace Neogene Basin is a fault-controlled, triangu-
lar-shaped depression bounded by the Strandja Highland
to the north and the Sakarya Highland to the southeast
(Figs. 2b, 3a, 4). Neogene deposits of the basin were
divided into two parts by a high area (Southern Thrace
Highland; Fig. 4b) underlain by Eocene—Miocene de-
posits.

South of the Southern Thrace Highland (Fig. 7), the
sequence (Dardanelles Group; Elmas and Meri¢ 1998;
Fig. 5) in the Thrace Neogene Basin began with alluvial-
fan (Sariyar Member), fluvial (Gazhanedere Formation;
Anafartalar Member) and lacustrine (Kirazli Formation;

illuminated from the north. Vertical exaggeration is 3 times. b
Bathymetric map of the Black Sea (from Robinson et al. 1996)

Goksu Member) deposits. The ages of these deposits (n in
Fig. 5) extend from Late Aragonian—Early Vallasian (end
of Middle Miocene) to Pannonian (Late Miocene; K.
Sentiirk and C. Karakose, unpublished data). The flow
directions in the fluvial deposits were westwards. All of
the units pass gradually upwards into a shallow marine
sequence consisting of clastics at the base and carbonates
at the top (Algitepe Formation, Y. Onem, unpublished
data; Bayraktepe Member, K. Sentiirk and C. Karakose,
unpublished data). They also overlie transgressively the
basement rocks of the Sakarya Zone in the east. Ostracods
obtained from the unit (o in Fig. 5) indicate a Middle—
Late Pannonian age (A. Nazik 1996, personal communi-
cation).

The shallow marine carbonates are unconformably
overlain by a Turolian—Lower Pliocene (K. Sentiirk and
C. Karakose, unpublished data; p in Fig. 5) clastic unit
(Conkbayir1 Formation; H.E. Kellog, unpublished data)
which was deposited in an alluvial-fan environment on
the slope of a topographically high area (Gelibolu
Highland) in the western part of the Gelibolu Peninsula
(Fig. 7). The unit passes eastwards into fluvial deposits of
the Bayrami¢ Formation. The lacustrine carbonates
(Giilpinar Formation) at the top of the fluvial deposits
interfinger with basaltic rocks (Tastepe Basalt; Siyako et
al. 1989) extruded along the Ezine-Sarkdy Fault (Elmas
and Meri¢ 1998). The lavas are dated by the Rb/Sr
method at 3.8 Ma (Y. Yilmaz 1994, personal commu-
nunication).
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A Late Pleistocene sequence (Gazikdy Formation;
Fig. 5) deposited in fluvial and shallow marine environ-
ments unconformably overlies the Middle Miocene—
Lower Pliocene unit (Dardanelles Group) in the Gelibolu
Peninsula.

To the north of the Southern Thrace Highland, the
Thrace Neogene Basin is represented by terrestrial,
fluvio-lacustrine deposits (Fig. 5). In the northeast part
of the basin, these deposits consist of an alternation of
mudstone, sandstone and weakly cemented clastics
(Cantakoy and Kurtdere formations; M. Umut et al.,
unpublished data), and rest on the Thrace Paleogene
Basin units. Some bivalve and mammal fossils (k in
Fig. 5) obtained from these rocks indicate a late Middle
Miocene-Late Miocene age (M. Umut et al., unpublished
data). These units pass laterally and vertically into latest
Middle Miocene-Upper Miocene (Unay and De Bruijn

1984; 1 in Fig. 5) fluvial-lacustrine deposits of the Ergene
Formation (M.R. Holmes, unpublished data). The fluvial-
lacustrine deposits in the northeast part of the basin
unconformably lie on the Strandja Zone units. These
deposits pass laterally and vertically into a sequence
composed of an alternation of limestone, marl and
claystone (Celebi and Sinanli formations; M. Umut et
al., unpublished data). The units are present in the
northwest and west parts of the Southern Thrace High-
land. The mammal fauna (M. Umut et al., unpublished
data) obtained from this sequence indicates a latest
Miocene age, and the bivalve fauna (Ternek 1949) in the
upper part of the sequence yield a Pontian age (m in
Fig. 5). The Middle Miocene—Upper Miocene units are
unconformably overlain by fluvial clastics (Thrace For-
mation; M. Umut et al., unpublished data).
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Fig. 5 Representative stratigraphic sections from the different morpho-tectonic zones of northwestern Turkey. Letters (a, b, etc.) indicate

the listed fossil assemblage
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Fig. 6 a Geologic map of the

area surrounding the Sakarya
River (from Yigitbas et al.
2003). b Morpho-tectonic ele-
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Northern Sakarya Low

The Northern Sakarya Low (Elmas 2000) is an E-W-
trending depression to the north of the Sakarya Highland.
It is divided into two parts by a structural high area
(Southern Marmara Highland; Figs. 3a, 4b) underlain by
Paleozoic—Oligocene units.

The lower part of the Neogene sequence (Fig. 5) is
represented by Upper Miocene (Sichenberg et al. 1975)
fluvial, alluvial-fan, and deltaic clastics (Mudanya For-
mation; S. GoOrmiis et al., unpublished data) in the
southern part of the Northern Sakarya Low. The Upper
Miocene unit passes upwards into a transgressive sedi-
mentary unit (Camlik Formation; S. Gormiis et al.,
unpublished data) which is the first marine unit in the
eastern Marmara region. The fossil assemblage (Sichen-
berg et al. 1975; Emre et al. 1998; i in Fig. 5) of
Mediterranean origin indicates a latest Miocene—Early
Pliocene age.

The Marmara Basin

In on-shore areas around the Sea of Marmara, the
Neogene—Quaternary sequences begin with upper Mid-
dle/Upper Miocene deposits on the various paleo-tectonic
units (Fig. 2). These sequences contain terrestrial, lacus-
trine, and marine deposits. Marathon Oil Company has
drilled several wells in the Sea of Marmara (Fig. 2b). One
of them (the Marmara-1/M1), situated on the southern
side of the Marmara Basin (Fig. 4b), contains the
following section: (1) an upper part consisting of Upper
Pliocene—Holocene units (Fig. 5) underlain by (2) calcar-
eous sandstone of Pliocene age, and (3) Pannonian
sandstone-mudstone, and tuff/coal-bearing sandstone-
mudstone. Cretaceous strata were reached at 2,000 m.
However, in the borehole North Marmara-1 (NM-1), on
the northern shelf of the Sea of Marmara, Paleozoic rocks
were reached at 1,100 m (Ergiin and Ozel 1995). On this
basement, only Oligocene units are present. In the
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boreholes Doluca-1 (D-1) and Isiklar-1 (IS-1), which are
on the southern shelf of the Sea of Marmara, Cretaceous—
Oligocene basement units were reached at 900 m. They
are overlain by the upper Middle Miocene—Upper
Miocene unit, similar to the on-shore areas.

The Gulf of Izmit in the eastern part of the Sea of
Marmara is a tectonic corridor controlled by the NAFZ
(Ketin 1969). Two of nine boreholes drilled in the Gulf of
Izmit reached basement units. The basement rocks are
overlain by thick Upper Pliocene—Holocene (Merig
1995b) clastic deposits which were deposited under
tectonic control. The fossil assemblage (g in Fig. 5)
indicates a Mediterranean origin (Meri¢ 1995b). In
addition, the fossil assemblages (f in Fig. 5) obtained
from the units around the Sapanca Lake and from offshore
wells in the Gulf of Izmit indicate a Black Sea origin
(Taner 1995; Meri¢ 1995a; Giilen et al. 1995).

The Marmara region was influenced by a transgression
during Pleistocene times (Goriir et al. 1997). The products

of this transgression, represented by Middle/Upper Pleis-
tocene marine terraces, are found at different levels
because of the tectonic activity in the region. Holocene
deltaic-beach deposits are present along the northern and
southern shorelines, and floodplain deposits are present
along the eastern coast of the gulf (Emre et al. 1998).

Izmit-Sapanca Corridor, Adapazari Basin
and Adapazarn-Karasu Corridor

The izmit-Sapanca Corridor (Bilgin 1984), the Adapazar
Basin and the Adapazari-Karasu Corridor (Yigitbas et al.
2003) constitute adjacent lowlands between the Thrace-
Kocaeli Peneplain and the Armutlu-Almacik/Camdag-
Akcakoca highlands (Figs. 3a, 4b). The lowlands were
filled by similar Neogene—Quaternary sequences. The
oldest sequence consists of Pontian—-Lower Pliocene
(Inandik 1953) terrestrial deposits (Figs. 2b, 5, 6a) in
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the Adapazart Basin. Similar units are also observed in
the northern part of the Adapazari-Karasu Corridor. In
this area, the Neogene units crop out generally both on the
slope of the Sakarya Valley and on the ridges extending
along the Black Sea coast (Figs. 2b, 6a). The units consist
of loosely cemented clastic strata (Karasu Formation;
Fig. 5). Cross bedding, imbricated pebbles and red
mudstone-gray marl levels indicate they were deposited
in coastal, fluvial and floodplain environments. In the
southern part of the Adapazari-Karasu Corridor, the
Neogene strata are red terrestrial clastics, locally deposit-
ed on the basement rocks. The position, facies and
lithologic features of the Neogene unit (Karasu Forma-
tion) in the Adapazari-Karasu Corridor and the Adapazari
Basin indicate that it is equivalent to the Pontian—Lower
Pliocene deposits (Belgrade Formation) on the Kocaeli-
Thrace Peneplain.

The Pontian—Lower Pliocene terrestrial deposits in the
Adapazar1 Basin are unconformably overlain by thin- and
coarse-grained clastic strata (Karapiirgek Formation;
Emre et al. 1998). The clastic sequence rests on the
basement units in the Izmit-Sapanca Corridor. The
sequence begins with Upper Pliocene—Lower Pleistocene
alluvial-fan deposits (Degirmendere Member; Fig. 5)
whose deposition was controlled by the NAF to the south
(Figs. 4a, 6a). These deposits pass laterally into a fluvial/
floodplain unit (Kumbast Member). In the Izmit-Sapanca
Corridor, the fossils (h in Fig. 5) obtained from these
rocks indicate a Late Pliocene—Middle Pleistocene age
(Emre et al. 1998). In the Adapazar1 Basin, the upper part
of the Karapiircek Formation is represented by alluvial-
fan deposits (Hendek Member). The deposits of the
Karapiircek Formation are the terrestrial equivalents of
the Upper Pliocene—Pleistocene marine units in the Gulf
of 1zmit (Emre et al. 1998).

The Karapiircek Formation is overlain by Upper
Pleistocene terrace deposits and Holocene fluvial/flood-
plain deposits. The Holocene deposits in the Adapazari-
Karasu Corridor are represented by the beach sands to the
north, and alluvium/terrace deposits to the south.

Faults in the Adapazari-Karasu Corridor

The Adapazari-Karasu Corridor may be divided into four
morpho-tectonic sectors (Fig. 6b)—from south to north,
the Goktepe-Ferizli, Aktefek-Sinanoglu, Seyfiler-Karapi-
nar and Akkum-Karasu sectors (Yigitbas et al. 2003).
The Seyfiler-Karapinar (Golkent Plain) and Goktepe-
Ferizli sectors (Sogiitli and Goktepe plains; Bilgin 1984)
are low floodplain areas where the Sakarya River flows in
a wide, meandering channel. Both the west and east sides
of the plains are defined by NE-SW-trending left-lateral
strike-slip faults (Adapazari-Karasu Fault Zone; Yigitbas
et al. 2003; Fig. 6a). These faults have controlled the
deposition of Quaternary alluvial fans along the Sakarya
River, such as in the Seyfiler-Karapinar sector. The
Goktepe-Ferizli sector constitutes a transition zone
between the Adapazari Plain and the Adapazari-Karasu

Corridor. The Aktefek-Sinanoglu and Akkum-Karasu
sectors constitute high topographic areas which are
defined by E-W-trending right-lateral strike-slip faults
parallel to the NAF (Fig. 6). In these areas, the Sakarya
River flows through deep, narrow valleys cut into
basement units. The E-W-trending faults have a signif-
icant vertical slip component. The southern side of the E—
W fault in the northernmost part of the Adapazari-Karasu
Corridor is overlain by marine sands which belong to the
Acarlar-Kocaali Coastal Zone. This indicates that the E—
W faults are young and active (Yigitbag et al. 2003).

Acarlar-Kocaali Coastal Zone

The E-W-trending Acarlar-Kocaali Coastal Zone (Inandik
1963), which is one of the largest coastal plains in North
Anatolia, is separated from the Adapazari-Karasu Corri-
dor, Thrace-Kocaeli Peneplain and Camdag-Akcakoca
Highland to the south by a fault scarp 75-80 m high and
which parallels the Black Sea coast (Fig. 6). This zone
contains old and recent sand dunes, swamps and barrier
lakes. A band of beach dunes 50 km long constitutes an
important part of the Acarlar-Kocaali Coastal Zone.
Beach deposits are generally composed of well-sorted,
thin-grained, sand-sized material. There are E-W-trending
dunes a few meters high extending along the coast behind
this beach. These dunes form a continuous slope which
constitutes the southern boundary of the Acarlar-Kocaali
Coastal Zone.

Discussion and structural evolution

Considering the geology of northwest Anatolia outlined
above, two major stages can be distinguished in the
geological evolution of the region: (1) a pre-NAF stage,
and (2) a north—south extensional stage. These stages are
discussed below, followed by an assessment of effects of
the N-S extensional regime on the region.

The pre-NAF stage

This stage corresponds to the Lutetian—early Middle
Miocene time period. The development of many neo-
tectonic units in northwest Anatolia coincided in both
time and space with the initiation of the NAFZ. However,
the Camdag-Akcakoca/Southern Thrace/Strandja high-
lands obtained most of their present shapes prior to late
Middle Miocene times.

The uplift of the Camdag-Akgakoca area may have
begun before the development of the NAFZ, because all
units up to the Eocene have not been eroded in the eastern
part of the Thrace-Kocaeli Peneplain to the west, whereas
in the Camdag-Akcakoca Highland deep erosion occurred
into the Lower Paleozoic units (Figs. 5, 6a). In addition,
there is an elevation difference of about 1,000 m between
the two areas (Fig. 3a). The Pontian—-Lower Pliocene
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deposits of the Thrace-Kocaeli Peneplain (Belgrade and
Karasu formations) can be observed only on the northern
slope of the Camdag-Akcakoca Highland. For these
reasons, the uplift of the Camdag-Akcgakoca area may
have caused the formation of a fault zone (the Adapazari-
Karasu Fault) between the Thrace-Kocaeli Peneplain and
the Camdag-Akcakoca Highland.

Finetti et al. (1988) suggested that there are clear
compressive deformational structures in the southern
margin of the Black Sea, which are of Middle Eocene age.
On their seismic profiles, however (Fig. 8), it appears that

PONTIDES _

the compressive structures associated with overthrust
deformation occurred from Eocene to Early Miocene
times. The deformation continued in the eastern Pontides
offshore (Fig. 8a) to the present (Gokasan 1996). In
addition, in areas to the east of the Sakarya River, the
compressive structures of Lutetian—-Miocene age are
represented by E-W-trending, north-vergent thrust faults
and NE-SW-trending left-lateral strike-slip faults (Cide-
Devrek Virgation of Yigitbas and Elmas 1997; Fig. 9). In
this case, it is thought that the Adapazari-Karasu Fault is
one of the left-lateral strike-slip faults related to this N-S
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compressional tectonic regime which developed since the
Lutetian. Within this tectonic regime, following the
deposition of the Thrace Paleogene Basin units, the
Southern Thrace Highland was formed as an E-W-
trending anticline during late Early Miocene—early Mid-
dle Miocene times. In addition, the Strandja Highland,
which bounded the Middle Eocene—Oligocene fore-arc
units (Goriir and Okay 1996) in the south, obtained most
of its present shape since Eocene times.

The north—south extensional stage

Western Anatolia has long been known to represent a
broad zone of extension (Phillipson 1915) stretching from
Bulgaria in the north to the Hellenic arc in the south
(McKenzie 1972; Mercier et al. 1989). Estimated ages for
the initiation of north—south extension (Dewey and
Sengor 1979; Le Pichon and Angelier 1981; Sengor et
al. 1985; Jackson and McKenzie 1988; Goriir et al. 1995,
1997; Armijo et al. 1996, 1999; Yilmaz et al. 2000) in
western Anatolia range from the late Oligocene (Jolivet et
al. 1994; Jolivet and Patriat 1999), the late Oligocene—
early Miocene (Seyitoglu and Scott 1991), to the early—
middle Miocene (Altherr et al. 1982; Lyberis 1984). The
ages of the first strata (the units of the Thrace Neogene
Basin) on the pre-Neogene basement units indicate that
back-arc extension related to the Hellenic trench (Mc-
Kenzie 1972; Le Pichon and Angelier 1981; Adiyaman et
al. 2001) reached to the northern area (the Marmara
region) since the late Middle Miocene. The extension
propagated eastwards through time along the NAF
(Chorowicz et al. 1999; Adiyaman et al. 2001). Along
the NAFZ, first-stage extension was followed by strike-
slip tectonics in the second stage (Adiyaman et al. 2001).

Following initiation in the west and eastward propa-
gation of the western part of the NAFZ, a block began to
form in the northern Anatolia region. The block, bounded
by significant seismically active zones, is named the
North Anatolian Block (Elmas 2000, Fig. 10); the
Camdag-Akcakoca Highland constitutes the western part
of this block. It is bounded by the right-lateral North
Anatolian Fault Zone (Ketin 1969; Jackson and McKen-
zie 1988; Barka 1992; Chorowicz et al. 1999; Adiyaman
et al. 2001) in the south, the left-lateral Adapazari-Karasu
Fault (Yigitbas et al. 2003) in the west, and the left-lateral

Northeast Anatolian Fault (NEAF) in the southeast. The
NEAF is active (Chorowicz et al. 1999) and locally has a
south-verging thrust component (Philip et al. 1989;
Lyberis et al. 1992). The northern border of the North
Anatolian Block is formed by a thrust fault, named the
South Black Sea Thrust Fault, which extends parallel to
the southern coast of the Black Sea from Bartin
eastwards. The existence of this fault was suggested by
Letouzey et al. (1977). Seismic activity has been observed
along the southern margin of the Black Sea, especially
during the destructive M:6.8 Bartin earthquake in 1968;
the source mechanism of the Bartin earthquake (Fig. 10)
indicated thrust faulting (Alptekin et al. 1986).

The data indicate that the Adapazari-Karasu Fault is a
NE-SW active zone (Yigitbas et al. 2003). These data are
summarized as follows:

1. geologic data such as the presence of very young faults
(Fig. 6),

2. the bathymetric features of the southwestern Black Sea
region (Fig. 3b),

3. the linear earthquake epicenters, which have been
recorded since 1985 by the Earthquake Research
Institute in the area between Adapazari and Karasu,
and their fault mechanism solutions (Fig. 10), and

4. the evaluation by Yigitbas et al. (2003) of the seismic
profiles offshore of the Sakarya River which indicate
the Adapazari-Karasu Fault Zone extends along the
Sakarya River and continues into the Black Sea
(Fig. 4a).

The Adapazari-Karasu Fault Zone is a block boundary
fault in the northern Anatolia region. North of the Kocaeli
Peninsula, traces of extensional tectonics indicated by
normal faults of Neogene—Quaternary age were observed
on the seismic profiles of Finetti et al. (1988; Fig. 8c, d).
However, from the Sakarya River offshore to the east,
traces of extensional tectonics during the same period are
not observed (Fig. 8a). In addition, (1) the existence of a
mountain chain known as the Black Sea Mountain, to the
east of the Sakarya River, (2) the presence of the Thrace-
Kocaeli Peneplain to the west, and (3) the positions of the
Quaternary terraces (Erin¢ 1984) in both sections indicate
that a compressional tectonic regime is present east of the
Sakarya River, in contrast to areas farther west (Gokasan
1996). Consequently, the left-lateral Adapazari-Karasu
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Fig. 10 Simplified tectonic map of the Anatolian region and
surroundings, showing the main tectonic domains developed during
Miocene to Holocene times (modified from Letouzey et al. 1977;
Jackson and McKenzie 1988; Sengor et al. 1985; Barka and
Kadinsky-Cade 1988). Available fault plane solutions for earth-
quakes (magnitudes between 3 and 4.5) which occurred at the west
and north margin of the North Anatolian Block are shown. The
solution for 20-5-1959 is taken from Shirokova (1967), the solution

Fault which extends along the northern part of the
Sakarya River Valley separates an extensional regime in
northwestern Anatolia from a compressional regime in the
east. According to Gokasan (1996), these two different
tectonic regimes were separated by a N-S line through
Eregli.

The results of the N—S extension in northwestern Anatolia

The upper Middle Miocene units of the Thrace Neogene
Basin are the first strata to be deposited in the extensional
regime in northwestern Turkey (Fig. 11, map a). The
Thrace Fault (Peringcek 1991) to the north was formed
prior to Pliocene times (probably in the late Middle
Miocene). Also, sedimentation (Dardanelles Group) in the
Thrace Neogene Basin was mainly controlled by the NE-
SW-trending Ezine-Sarkoy Fault (Elmas and Meri¢ 1998)
to the southeast during late Middle Miocene times. The
absence of the units deposited in a high-energy deposi-
tional environment in the northern part of the basin

for 16-7-1963 from McKenzie (1972), the solution for 3-9-1968
from Alptekin et al. (1986), and the solution for 21/27-8-1997 from
E. Yigitbas et al. (unpublished data). The GPS measurements for
northwestern Anatolia are taken from Straub (1996). The inset
shows the seismicity of northern Turkey from 1990 to 1999. The
points represent earthquakes with magnitudes bigger than 4. Data
are from the Bogazi¢i University Kandilli Observatory and
Earthquake Research Institute Seismology Laboratory

indicates that displacement on the Thrace Fault was less
than on the Ezine-Sarkdy Fault.

Due to the extensional tectonic regime in the region, a
marine tongue transgressed from the north over the area
along the northern coast of the future Sea of Marmara in
Late Miocene times (Fig. 11, map b). The presence of
abundant Mactra in the marine limestone (Bakirkoy
Limestone; b in Fig. 5) west of Istanbul indicates that
during the Late Miocene the invading sea in this area was
not the Mediterranean but the Paratethyan (Muratov and
Nevesskaya 1982; Goriir et al. 1997).

Late Sarmatian—Pontian deposits (Cukurcesme and
Giingoren formations, and Bakirkdy Limestone) of the
Paratethys commonly form the cover unit of the Thrace
Paleogene Basin and the Istanbul-Zonguldak Tectonic
Unit (Fig. 2). The covering of the Strandja Zone and the
Sakarya Zone by Upper Miocene fluvio-lacustrine de-
posits (the upper parts of the Ergene Formation) and
Pannonian shallow marine deposits (Alcitepe Formation),
respectively, indicates that the Thrace and Ezine-Sarkdy
faults of the Thrace Neogene Basin had ceased their
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activities during the latest Middle Miocene to early Late
Miocene interval (Fig. 11, maps a, b).

The extensional regime caused the Mediterranean
incursion to the region. Stratigraphic and paleontologic
data obtained from the shallow marine deposits (Alcitepe
Formation and Bayraktepe Member of Dardanelles Group
in the Thrace Neogene Basin) indicate an initial incursion
of Mediterranean waters to the site of the future Sea of
Marmara during Middle to Late Pannonian times,
extending from southern Thrace to the west of the Biga
Peninsula (Elmas and Meri¢ 1998; Fig. 11, map b).

The characteristics of the Upper Miocene (Sichenberg
et al. 1975) alluvial-fan/deltaic deposits (Mudanya For-
mation) in the northern parts of the Sakarya Zone indicate
fault-controlled deposition (Fig. 11, map b). According to
Schindler (1997), during the Tortonian the NAFZ existed
in the southern Marmara region in a first phase of activity.
This fault may have been the NE-SW-trending active
branch of the NAF between Bursa and Yenice (Fig. 4a).
The existence of latest Miocene—Early Pliocene Mediter-
ranean fauna (Emre et al. 1998) in the marine deposits
(Yalakdere, Yalova and Camlik formations) to the north
indicates that Mediterranean waters reached the eastern
areas of the future Sea of Marmara during this time
(Fig. 11, map c). The northern part of the Sakarya Zone,
the Northern Sakarya Low, is thought to be the result of
the eastward widening of the Thrace Neogene Basin by
the NE-SW-trending faults (Fig. 11, maps a, b).

The geological evolution of the Thrace Neogene Basin
and the Northern Sakarya Low is consistent with the
model of eastward propagation of extension and the NAF.
In the model of Chorowicz et al. (1999) and Adiyaman et
al. (2001), it was suggested that within Anatolia there are
many triangular-shaped sectors formed by the NAF, and
NE- to ENE-striking late Neogene faults which branch
from the central and eastern NAF (Dewey et al. 1986;
Barka 1992; Chorowicz et al. 1995; Tatar et al. 1995;
Bozkurt and Kogyigit 1996; Dhont et al. 1998; Barka et
al. 2000). The sectors constitute an escape wedge which
has migrated by successive jumps from west to east,
creating NE-SW-trending fault zones (Chorowicz et al.
1999; Adiyaman et al. 2001).

During latest Miocene—Early Pliocene times, the
Saros-Ganos segment and the Anafartalar Fault (Fig. 4a)
developed as a positive flower structure (Christie-Blick
and Biddle 1985) in the second phase of NAFZ activity
(Schindler 1997) in northwestern Turkey (Fig. 11, map c).
This positive feature (Gelibolu Highland) and the alluvial-
fan deposits (Conkbayir1 Formation) to the east obstructed
the previous Mediterranean incursion during Early
Pliocene times (Elmas and Meri¢ 1998). Also, the
development of an erosion surface in the Thrace-Kocaeli
area began during the Pontian, as shown by the uncon-
formable relationship of the terrestrial Pontian—Pliocene
deposits (Belgrade Formation) with the underlying Upper
Miocene rocks (Fig. 5). Consequently, the erosion surface
of the Thrace-Kocaeli Peneplain obstructed the previous
Paratethys incursion from the south (Fig. 11, map c).
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In the western part of the Biga Peninsula, the existence
of late Middle Miocene basic lavas (Tastepe basalt),
extruded along the Ezine-Sarkoy Fault, indicates that the
fault which controlled the geometry of the Thrace
Neogene Basin during the late Middle Miocene (Fig. 11,
map a) was reactivated in the late Early Pliocene (Fig. 11,
map d). This tectonism caused the opening of the
Dardanelles and the second incursion of Mediterranean
waters into the future Sea of Marmara (Elmas and Meric
1998). Fossil assemblages (g in Fig. 5) of Mediterranean
origin (Giilen et al. 1995; Toker and Sengiiler 1995;
Merig¢ 1995b), determined from wells in the Gulf of zmit,
indicate that Mediterranean waters reached this area
during Late Pliocene times (Fig. 11, map e).

The existence of the Upper Pliocene—Pleistocene
alluvial-fan deposits (Karapiircek Formation) through
the southern border of the Izmit-Sapanca Corridor and
the Adapazari1 Basin indicates that the branch of the NAF
in the north of Armutlu-Almacik Highland has been
active since the Late Pliocene (Fig. 11, map e). North of
this right-lateral NAF, the northeastward movement of the
North Anatolian Block east of the left-lateral Adapazari-
Karasu Fault initiated the development of the Adapazari
Basin at the corner of the fault blocks, and the formation
of the Izmit-Sapanca/Adapazari-Karasu corridors since
the Late Pliocene. In addition, the westward compres-
sional movement of the Armutlu-Almacik Highland
accelerated the north—south opening of the Marmara
Basin (Fig. 11, map e). According to Armijo et al. (1999),
the Marmara Basin is assumed to be Plio-Pleistocene.

Fossil assemblages (f in Fig. 5) from the Black Sea,
determined from wells in the Gulf of {zmit, indicate that
Black Sea waters reached the Marmara region during the
Pleistocene (Pfannenstiel 1944; Kosswig 1954; Bilgin
1984; Tchapalyga 1995; Meri¢ 1995a). Continuity of Late
Pliocene tectonism (Fig. 11, map e) may have caused the
widening of the Adapazari-Karasu Corridor (Fig. 11,
map f). Consequently, the Adapazari-Karasu Corridor, the
Adapazar1 Basin, the izmit-Sapanca Corridor, the Mar-
mara Basin and the Dardanelles formed a seaway
connecting the Black Sea and the Aegean/Mediterranean
during Pleistocene times.

The existence of Upper Pleistocene marine terraces
around the Sea of Marmara (Figs. 2b, 5) indicates that
marine waters had a greater expanse in Late Pleistocene
times than today (Saking and Yaltrak 1997). However,
the absence of these Upper Pleistocene marine terraces in
the area between Bandirma and Mudanya (Fig. 2b)
indicates that the area (Southern Marmara Highland) was
uplifted prior to the Late Pleistocene (probably in
Pleistocene times; Fig. 11, map f).

Topographically high areas (Akkum-Karasu and Ak-
tefek-Sinanoglu sectors; Fig. 6b) in the Adapazari-Karasu
Corridor obtained their present shapes due to the E-W-
trending faults parallel to the NAF. Seismic activity in
this region is caused by these E-W-trending faults and the
reactivation of the NE-SW-trending Adapazari-Karasu
Fault (Yigitbag et al. 2003). Due to these E-W-trending
areas of uplift, the previous connection between the Black
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Sea and the Sea of Marmara (Fig. 11, map f) was
obstructed during the Holocene (Fig. 11, map g).

The recent connection between the Black Sea and the
Sea of Marmara has been through the Bosphorus and
formed in Holocene times (Gokasan et al. 1997; Cagatay
et al. 2000; Meri¢ et al. 2000; Fig. 11, map g). A
bathymetric indentation north of the Sakarya River off-
shore also extends north of the Bosphorus under the Black
Sea waters (Fig. 3b). NE-SW-trending faults affecting the
bathymetry and recent sediments in the Bosphorus
(Gokasan et al. 1997) are the prolongation of this
indentation. Thus, it is suggested that the Bosphorus
was also controlled by NE-SW-trending faults, as in the
Adapazari-Karasu Corridor.

Conclusion

Many morpho-tectonic units of Late Cenozoic age are
distinguished in northwestern Turkey. Three of them, the
Strandja/Southern Thrace highlands and the Camdag-
Akcgakoca Highland which was uplifted by the NE-SW-
trending left-lateral Adapazari-Karasu Fault, obtained
most of their present shapes in the Lutetian—early Middle
Miocene, N-S compressional regime in northern Anato-
lia.

The N-S extensional regime began in the Marmara
region during late Middle Miocene times. Following the
initiation in the late Middle Miocene and eastward
propagation of the western part of the NAF, the North
Anatolian Block began to form in the northern Anatolia
region since Late Pliocene times. The block is bounded by
the right-lateral NAF in the south, the left-lateral North-
east Anatolian Fault in the southeast, and the South Black
Sea Thrust Fault in the north. The left-lateral Adapazari-
Karasu Fault in the west of the North Anatolian Block is
like a block boundary fault, and has separated the
compressional regime in the east of the northern part of
the Sakarya River Valley from the extensional regime in
the west since the late Middle Miocene.

The N-S extension caused the development of basins
and ridges (the Thrace Neogene/Marmara/Adapazari
basins, the Northern Sakarya Low, the izmit-Sapanca/
Adapazari-Karasu corridors, and the Southern Marmara/
Armutlu-Almacik highlands), and the incursions of the
Mediterranean Sea and the Paratethys into the site of the
future Sea of Marmara since Late Miocene times. Also,
northeastward movement of the North Anatolian Block
created a marine connection between the Black Sea and
the Aegean/Mediterranean seas through the Dardanelles,
Marmara Basin and Izmit-Adapazari/Adapazari-Karasu
corridors during Pleistocene times.
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