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Tectonic evolution of the Marmara Sea and its surroundings
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Abstract

The basins in the Marmara Sea are the products of a superimposed evolutionary history defined by two different-
aged fault systems: the early Miocene—early Pliocene Thrace-Eskisehir Fault Zone and its branches, and the late
Pliocene-Recent North Anatolian Fault and its branches. The Thrace—Eskisehir fault and its westward branching
secondary fault systems define the early neotectonic signature in the region. The late neotectonic period started at the
end of the early Pliocene when the North Anatolian Fault divided the Thrace-Eskisehir fault into four parts. During
the late neotectonic period, the North Anatolian Fault extended westward as a number of splays by joining with the
Ganos, Bandirma—Behramkale and Manyas—Edremit Fault Zones. The branches of the North Anatolian Fault Zone
(NAFZ) caused the evolution of a number of basins, which differ in character depending on the trend and past
characteristics of the older branches that became connected. Since the northern branch of the North Anatolian Fault
is connected to the N80°E-trending Ganos Fault Zone (GFZ) in the west, a single buried fault has developed in the
Marmara Sea, causing the well-known troughs and ridges, superimposed onto the negative flower structure formed by
the GFZ in the early neotectonic period. The middle strand, which extends from Iznik Lake to Bandirma, is oriented
east-west up to the N60°E-trending Bandirma—Behramkale Fault Zone, then turns southward in the vicinity of
Bandirma, forming a region dominated by compressional tectonics. This bending caused N30°E-trending tension in
addition to the strike-slip motion between the eastern part of Gemlik Bay and Bandirma Bay. The southern branch of
the NAFZ, on the other hand, produced three pull-apart basins with different characteristics along the Yenisehir,
Bursa and Manyas segments. The southern branch of the NAFZ connected to the Manyas—Edremit Fault Zone,
which is oriented N45°E to the south of Manyas, and the associated bending and rotation caused a N15°E-trending
extension in addition to the strike-slip regime between Manyas and Uluabat. The branches of North Anatolian Fault
cut through the Thrace—Eskisehir fault at three places: the East Marmara Sea region, in Gemlik Bay, and to the east
of Bursa, giving lateral offsets of 58-59, 7-8 and 10-11 km, respectively. The cumulative motion is 75-78 km,
corresponding to the total lateral offset of the North Anatolian Fault in the region. The correlation of these offsets
with Global Positioning System slip vectors and with stratigraphic results implies that the North Anatolian Fault
reached into the Marmara Sea region about 3.5 million yr ago. Tectonic processes forming the Marmara Sea and its
environs were initiated by the Thrace-Eskisehir fault and its splays have been most recently controlled by the North
Anatolian Fault and its splays during the last 3.5 million yr.
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1. Introduction

The 1500-km-long North Anatolian Fault Zone
(NAFZ) bifurcates into three branches to the east
of the Marmara Sea (Fig. 1A). These branches
terminate where the westward escape of the Ana-
tolian Block turns into anticlockwise rotational
opening in the northern Aegean Sea and Edremit
Bay (Fig. 1B). These three branches demonstrate
different kinematic and seismic appearances in the
Marmara region. First, the NAFZ bifurcates west
of ~30.5°E latitude into two branches (Fig. 1).
The northern strand of the North Anatolian Fault
(NAFNS) extends from Bolu to Izmit (Sengor,
1979; Bozkurt, 2001), while the second branch
extends southward from Bolu and bifurcates
once more in the Pamukova Plain at ~ 30°E lat-
itude (Kogyigit, 1988) (Fig. 1B). The northern of
these latter branches is the middle strand of the
North Anatolian Fault (NAFMS), which extends
almost east-west along Iznik Lake, Gemlik Bay
and Bandirma Bay. It changes direction around
the western part of Bandirma Bay and turns
southwestward into a fault zone formed of
many faults (Fig. 1B). The southern branch of
the North Anatolian Fault (NAFSS) is a north-
east-southwest-trending fault extending from Pa-
mukova. The NAFSS creates the Yenisehir pull-
apart basin together with another fault to the
north (Fig. 1B). It extends from Bursa to Manyas,
bending southwest from the southern part of the
Uluabat Lake, then extends in a WNW-ESE di-
rection until the southern part of Manyas Lake
(Fig. 1B). To the southwest of Manyas Lake, the
fault changes its direction to S45°W, then extends
from Manyas to Edremit, turning into a set of
discontinuous short fault segments.

There are different views concerning the posi-
tion and character of the NAFZ both on land and
at sea. The most important debates revolve
around the Marmara Sea problem (Crampin
and Evans, 1986; Barka and Kadinky-Cade,
1988; Erglin and Ozel, 1995; Wong et al., 1995;
Okay et al., 1999, 2000; Parke et al., 1999; Le
Pichon et al., 1999; Aksu et al., 2000; Siyako et
al., 2000; Imren et al., 2001). These recent studies
can be classified into three groups: (1) pull-apart
and combined models (Barka and Kadinky-Cade,

1988; Wong et al., 1995; Ergiin and Ozel, 1995;
Barka, 1992); (2) models incorporating en echelon
fault segments (Parke et al., 1999; Siyako et al.,
2000; Okay et al., 2000); and (3) models with a
single master fault beneath the Marmara Sea
(Fig. 2; Le Pichon et al., 1999; Aksu et al.,
2000; Imren et al., 2001). The most distinctive
structure in the Marmara Sea is a series of east—
west-trending troughs separated by NNE-SSW-
trending ridges. Here, these are called the West
Marmara Trough (WMT; the Tekirdag Trough
of Okay et al., 1999), Middle Marmara Trough
(MMT), and East Marmara Trough (EMT;
Cmarcik Trough of Okay et al., 2000) (Fig. 3).
Although the initial models for the evolution of
the Marmara Sea date from the 1930s, the first
modern study concerning seafloor topography
and seismic sections is the pull-apart model of
Barka and Kadinky-Cade (1988). Subsequently,
on the basis of 1670 line-km of shallow seismic
reflection data collected in 1987, this pull-apart
model was modified to include compressional
and tensional rhombohedral blocks to explain
the three deep basins (‘troughs’) in the Marmara
Sea (Ergiin and Ozel, 1995; Wong et al., 1995).
During the same period, based on shallow and
conventional seismic data gathered on the south-
ern shelf, Smith et al. (1995) identified east-west-
trending normal faults and proposed that the
southern part of the Marmara Basin was a half-
graben. About 1500 line-km of conventional seis-
mic data were collected by R/V Sismik-1 of the
Mineral Research and Exploration Institute of
Turkey (MTA)in 1997. Three different working
groups interpreted these data, reaching different
conclusions. Okay et al. (1999) proposed that a
so-called master fault, which borders the southern
part of the western Marmara Sea and then arrives
on land, is a northeast-southwest thrust fault to
the east of the WMT. They also proposed a nor-
mal fault in the middle of the trough and a north-
thrusting dextral fault to the west of the trough
nearest land. Okay et al. (1999) proposed that
Ganos Mountain, 10 km wide, 30 km long, and
900 m high in 28-km-thick crust (Aygiil and Geng,
1999), formed because of elastic bending associ-
ated with this thrust fault geometry. Parke et al.
(1999), who interpreted all of the data collected
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Fig. 1. (A) Simplified tectonic map of eastern Mediterranean region (adapted from Yaltirak et al., 1998). (B) Seismotectonic map of the Marmara Sea region (com-
piled from Saking et al., 1999; Yaltirak, 2000b; Yaltirak et al., 1998). Abbreviations: GFZ, Ganos Fault Zone; TEFZ, Thrace-Eskisehir Fault Zone; BFFZ, Bur-
dur-Fethiye Fault Zone; NAFZ, North Anatolian Fault Zone; EFZ, East Anatolian Fault Zone; NEAFZ, Northeast Anatolian Fault Zone; AFZ, Almus Fault

Zone; YEFZ, Yagmurlu-Ezinepazar1 Fault Zone. (Compiled from Barka, 1992; Yaltirak et al., 1998; Bozkurt, 2001.)
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Fig. 2. Tectonic models of the Marmara Sea. (A) Pull-apart models. (B) ‘En echelon’ models. (C) Master fault models. Bold lines
represent the main faults which played active roles in forming the Marmara Sea. The thinner lines show secondary faults.

during MTA’s 1997 cruise, suggested that the
NAFZ system diminishes in importance in the
Marmara region and east-west-trending normal
faults caused the evolution of the Marmara Sea.
Finally, Le Pichon et al. (1999), who interpreted
the same data after the 1999 eastern Marmara
earthquakes, claimed that there is a buried master
fault extending through the Marmara Sea. These
authors named this master fault the Great Mar-
mara Fault and proposed that this main structure
passes through the southern boundary of the
EMT, along the central axis of the MMT, and
along the southern boundary of the WMT
(Fig. 3), causing the evolution of the troughs
and ridges due to dextral shearing forces. After
the 1999 eastern Marmara earthquake, Okay et
al. (2000) combined the data sets collected by
the MTA on the East Marmara Ridge (EMR)
and its western part (314 line-km), with the pre-
vious 1997 data set (429 line-km). They proposed
that the single master fault model might not be
valid, since the fault bifurcates. The master fault
functions as a normal fault by bounding the
northern edge of the EMT in the Eastern Mar-
mara Sea (Okay et al., 2000), then crosses through
the northern part of the eastern ridge and contin-
ues N80°W as a strike-slip fault (Okay et al.,
2000, figure 2, p. 191). In another article, pub-

lished after the 1999 earthquakes, Aksu et al.
(2000) studied the Marmara fault systems based
on 3390 line-km of single-channel shallow seismic
reflection data collected by R/V Piri Reis in 1995.
Aksu et al. (2000) suggested that the Marmara
Sea evolved as a negative flower structure,
bounded by two west-trending sidewall faults
that are linked to a single near-vertical master
fault. Siyako et al. (2000) used 5500 line-km of
conventional multichannel seismic data collected
by the Turkish Petroleum Cooperation to propose
that three en echelon strike-slip fault segments
cross the Marmara troughs forming a negative
flower structure, and that the Marmara troughs
are bounded by shallowly dipping normal faults.
Recently, on the basis of seismic data collected
during the MTA 1997 and 2000 cruises (2200
line-km), Imren et al. (2001) modified the model
proposed by Le Pichon et al. (1999).

Recent publications employ 8500 line-km of
deep seismic data and 5000 line-km of shallow
seismic data covering an area 200 km by 80 km
in the Marmara Sea (Barka and Kadinky-Cade,
1988; Ergiin and Ozel, 1995; Wong et al., 1995;
Okay et al., 1999, 2000; Parke et al., 1999; Le
Pichon et al., 1999; Aksu et al., 2000; Siyako et
al., 2000; Imren et al., 2001). Although these
studies propose internally consistent interpreta-
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tions, none of them forms a synthesis combining
studies on land geology, land tectonics, gravity,
magnetics, topography and bathymetry, Global
Positioning System (GPS), stratigraphy, basin
characteristics, and seismotectonics. In this paper,
the full set of available data will be considered,
not only for the Marmara Sea but also its envi-
rons; all of the geological and geophysical data
used in previous works will be reviewed and in-
terpreted in the light of detailed land observa-
tions. Using all these of data, the evolution of
the faults and basins will be discussed.
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- 2. Data and methods

ARMUTLU PENINSULA

Two data sets are utilised in this study. The first
includes structural and geological maps which
were produced from detailed geologic surveys on
land. Geological mapping was initiated in 1995 in
Eastern Thrace and the Gelibolu Peninsula.
Faults were observed from satellite images (Yal-
tirak, 1996), defined by land seismicity (Peringek,
1991), and mapped precisely based on field obser-
vations (Saking et al., 1999). In the southern Mar-
mara region, the disposition of the Thrace—Es-
kisehir fault (Saking et al., 1999) was determined
using satellite images and digital topographic
maps prepared from SAR interferometry, and
was then plotted on the geological maps based
on the control of field observations (Yaltirak,
2000a). The gravity and magnetic maps of (Akdo-
gan, 2000) and digital topography maps were con-
sulted to corroborate fault placement. The depo-
sitional units defined during the field observations

E29
BANDIRMA

KAPIDAG
PENIINSULA

TEKIRDAG

Fig. 3. Seafloor morphology and superimposed multibeam
image of the Marmara Sea. (Compiled from Ardel and Kurt-
er, 1973; Yilmaz, 1996; Giineysu, 1998; Giineysu, 1999;
Aksu et al., 1999; Multibeam image from Turkish Navy, De-
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at different localities were compared in a strati-
graphic manner. The formations were dated and
the depositional environments compared (Yal-
tirak et al., 1998; Sakin¢ et al., 1999; Yaltirak
et al., 2000a).

The second data set consists of marine seismic
profiles. Multichannel conventional seismic sec-
tions of Okay et al. (1999), Okay et al. (2000),
Siyako et al. (2000), and Imren et al. (2001),
and shallow seismic sections of Ergiin and Ozel
(1995), Wong et al. (1995), Smith et al. (1995),
and Aksu et al. (2000) were combined and re-in-
terpreted. This re-interpretation has resulted in a
new structural map. A bathymetric map was also
drawn for this study. The navigation charts of the
Turkish Navy and the Department of Navigation,
Hydrography and Oceanography were used with
5-m accuracy for shelf areas (Ardel and Kurter,
1973; Yilmaz, 1996; Giineysu, 1998, 1999). For
deeper areas below 100-m water depth, bathymet-
ric contours with 50-m depth contours of Aksu et
al. (1999) were utilised. These data were combined
with the multibeam swath data (20-m grid size)
collected by the Department of Navigation, Hy-
drography and Oceanography along the troughs
of the Marmara Sea (Fig. 3). On this bathymetric
map, the deep Marmara troughs, which are
known since Andrussov (1890), are clearly de-
fined.

The faults traced on the seismic sections were
plotted and a simplified structural map was com-
posed for the main faults at sea. From the combi-
nation of marine and land data, the fault-
bounded structural blocks in the Marmara Sea
were defined. The characteristics of these bound-
ary faults are known from fault plane solutions.
Finally, palinspastic tectonical evolution maps
were drawn for every 500000 yr using the strati-
graphic age determinations in the marine and land
areas, GPS slip vectors, and kinematic features of
the fault planes.

3. Seafloor morphology of the Marmara Sea
3.1. Shelf areas

The shelf areas can be classified into four re-

gions: Tekirdag, Silivri, Cekmece, and Adalar.
Many canyons cut the shelf edge and continental
slopes (Fig. 3). The shelf in the Tekirdag region
narrows between Kumbag and Marmara Ereglisi.
The arc-shaped Silivri region between Marmara
Ereglisi and Biiyiik Cekmece has the widest shelf
area on the northern side of the Marmara Sea.
The shelf of the Kii¢iik Cekmece region becomes
narrower toward the Strait of Istanbul, where the
shelf edge approaches the coast. The Adalar re-
gion is separated from the western shelf area by
the Marmara canyon of the Strait of Istanbul
(Fig. 3).

On the southern shelf, there are two different
areas. To the north of the Armutlu Peninsula, the
shelf is narrow (<1 km). Between Armutlu Is-
land and Marmara Island, the widest underwater
plain of the Marmara Sea is found (Fig. 3). This
plain is between the Kapidag Peninsula, Imral
Island and Marmara Island, and extends into
Gemlik and Bandirma bays. Its slope is 1-2°.
The most interesting features are the islands and
small troughs on the seafloor (Fig. 3). The second
shelf area occurs to the east of the Strait of
Canakkale, where an underwater valley extends
from the strait into the WMT. This valley is con-
nected with two others running southwest of the
Kapidag Peninsula and Marmara Island (Fig. 3).

3.1.1. Shelf troughs

Gemlik Trough: the deepest point of Gemlik
Bay is 110 m deep, 50 m below the elevation of
the southern shelf (Fig. 3). Bandirma Trough
(BT): this is a triangular-shaped trough separated
from the 60-70-m-deep shelf area in Bandirma
Bay by a 30 m-deep sill. The trough becomes
deeper towards the city of Bandirma. To the
east of this trough, on the narrow area between
the Kapidag Peninsula and Bandirma, a rocky
shoal extends between the western part of the
shelf and the BT (Fig. 3). East Hersek Trough
(EHT): this trough is situated in Izmit Bay. It is
a rather narrow trough and its deepest part ex-
ceeds 200 m. It is separated from the Marmara
Sea by a ridge formed by the sediments of Hersek
Delta. The slope of its southern margin is 15°,
while gradients are 8—10° along the northern slope
(Fig. 3).
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3.1.2. Underwater valleys

Canakkale underwater valley: this is the east-
ward elongation of the strait. It is more than
50 km in length and terminates at the WMT.
Another valley, coming from the western part of
the Biga Peninsula, is connected to this valley
(Fig. 3). These wvalleys are shallow, open,
‘V-shaped’ features connected with other minor
valleys. They link to master valley branches on
land.

Istanbul underwater canyon: this feature is the
north-south-trending extension of the combined
system of the Strait of Istanbul and Golden
Horn into the EMT. It is a 7-km-long valley deep-
ening towards the trough. There is a dextral
strike-slip offset of ~1-2 km between the land-
ward end of this canyon and its southern end
(Fig. 3).

3.2. Troughs, slopes and ridges

3.2.1. West Marmara Trough

The WMT is a rhombohedral feature with its
long axis trending northeast-southwest (Fig. 3).
Its maximum depth is 1190 m, with an average
of 1100 m. To the north, along an arc-shaped
area, there are canyons and gullies perpendicular
to the shore that cut across the continental slope
from the 100-m contour down to 1100 m depth as
slopes change from 18 to 30° (Fig. 3). To the
northwest of the WMT, a wide underwater debris
fan progrades to the south. This feature is 10 km
long and 8 km wide (Fig. 3). To the south of the
WMT, the gradient of the continental slope is 14—
24°. Two canyons off Marmara Island extend to
the southwest of this trough. There are two more
prominent canyons: one is the eastward extension
of the Strait of Canakkale and the other one co-
incides with the Ganos Fault Zone (GFZ) (Fig. 3).
Between these, southeast of the town of Ganos,
there is another underwater landslide fan
(12x8 km size) that extends from 100 m water
depth down to the bottom of the trough (Fig. 3).
The surface of this fan, with a slope of about 10°,
has a step-like morphology. Bathymetric and
swath data suggest that this fan was caused by
underwater failures.

3.2.2. West Marmara Ridge

The WMR is located to the east of the WMT.
It is 440 m deep and bounded by 840-m-deep
valleys at its two sides (Fig. 3). The valley to
the north is the boundary between the WMR
and the 100-m-deep shelf (Fig. 3). To the south,
a fault step in front of Marmara Island, which
belongs to the NAFZ, forms the southern bound-
ary of the WMR. There is a valley here between
the shelf and the WMR that almost coincides with
the NAFNS and extends to the MMT.

3.2.3. Middle Marmara Trough

The MMT contains the deepest point (~ 1250 m)
in the Marmara Sea (Fig. 3). Many canyons per-
pendicular to the shelf edge enter the MMT from
the northern continental shelf. These canyons
terminate near the edge of the basin floor at
~ 1200 m depth. To the south, canyons starting
near the shelf edge extend in a NNW-SSE direc-
tion towards the western side of the MMT (Fig. 3).
In the south—central part of the MMT, an under-
water fan with a gentle slope covers a large area.

3.2.4. Middle Marmara Ridge

The Middle Marmara Ridge (MMR) is situated
to the east of the MMT (Fig. 3). The MMR is
uplifted above the troughs to the east and west.
An east-west-trending valley cuts through its cen-
tral part, so that the centre of the ridge is its
deepest part (~650 m). Convex bulges in the
slopes north and south of the central basinal
area form the ends of the MMR (Fig. 3).

3.2.5. Kumburgaz Trough

The Kumburgaz Trough (KT) is an 820-m-deep
trough located to the east of the convex central
valley traversing the MMR (Fig. 3). It has the
shape of an ellipse extending ENE-WSW and ap-
pears to have formed by partial filling of a valley
during uplift of the MMR (Fig. 3).

3.2.6. East Marmara Ridge

The EMR is situated to the west of the KT
(Fig. 3). It is a 640-m-deep rise trending in an
east—west direction for about 24 km, located be-
tween the KT and the EMT. There is a 400-m
elevation difference between the western and east-
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ern edges of the EMR, the west side being shal-
lower. Relative to its height, this is a rather wide
ridge (Fig. 3).

3.2.7. East Marmara Trough

The easternmost depression in the Marmara
Sea is the triangular-shaped EMT (Fig. 3). The
widest part (10 km) of this 1200-m-deep trough
is located to the west. The EMT becomes nar-
rower eastward as it approaches the western
part of Izmit Bay (Fig. 3). In the Adalar region
(Prince Islands), many canyons extend down to
the bottom in a north—south direction. In its west-
ern part, to the south of the Strait of Istanbul,
large underwater fans supplied by slope failures
are evident in front of these canyons (Alpar and
Yaltirak, 2000). Offshore Tuzla, ridges between
the canyons are eroded in the shape of concave-
northwards arcs (Fig. 3). To the south of the
EMT, there are also many canyons extending
downslope from the Armutlu Peninsula (Fig. 3).
The convex anomaly, 20 km long and 1 km wide,
extending into the trough at ~ 29°E latitude is an
underwater landslide (Alpar and Yaltirak, 2000).
Along the southwestern part of the EMT, the
slopes are rather smooth. To the west of this
smooth slope, two canyons extend from the vicin-
ity of Imral Island toward the trough (Fig. 3).

3.2.8. Imral Flat

The Imrali Flat (IF), which is situated in the
area between Imrali Island and the southwest
edge of the EMT, has a different morphology
than either the shelves and the troughs. The deep-
est point on this plain is at ~—420 m. It becomes
shallower (to ~300 m) towards the northeast.
The IF has a rhombohedral shape (20X 16 km).
There are no deep or apparent canyons along the
southern slopes (Fig. 3).

4. Regional geology and basins

There are two main sedimentary successions in
the Marmara region, with different stratigraphic
features. These formed during the early Miocene—
early Pliocene and late Pliocene-Recent. These
sequences developed during the activation of

two different fault systems: the Thrace—Eskisehir
Fault Zone (TEFZ), and extensions of the NAFZ
(Fig. 1). The Thrace Neogene Basin developed
under the control of the GFZ, the Bandirma—Beh-
ramkale Fault Zone (BBFZ) and the Manyas—
Edremit Fault Zone (MEFZ), the TEFZ itself
and its splays. The basins of the Marmara Sea,
Saros, Manyas—Ulubat, Bursa, Yenisehir, Iznik
and Gonen developed under the control of the
Marmara strands of the NAFZ (Fig. 4).

4.1. Thrace Neogene Basin (early Miocene—
early Pliocene)

The Thrace Neogene Basin can be divided into
three early Miocene—early Pliocene sub-basins,
mutually related laterally and covering the mod-
ern basins of Southern Marmara, the Marmara
Sea and Eastern Thrace (Fig. 4). The northern-
most one is the Ergene Sub-basin (ES-B) devel-
oped under the control of the TEFZ (Fig. 4). To
the south, the Gelibolu-Marmara Sub-basin is lo-
cated on the GFZ where it was inverted from the
TEFZ (see Fig. 4; GMS-B). The other basin is the
Southern Marmara Sub-basin, which covers the
southern shelf of the Marmara Sea and adjacent
land area. It is situated above the BBFZ and the
MEFZ that were inverted from the TEFZ (Figs. 4
and 5).

4.1.1. Ergene Sub-basin

The central part of the East Thrace Peninsula is
underlain by sediments deposited in the early
Miocene—early Pliocene ES-B (Figs. 4 and 5).
The ES-B rests unconformably on upper Oligo-
cene lacustrine units at its base and conglomerates
toward the basin edges. The fossils found at the
base of the basin fill indicate an age of early—mid-
dle Miocene (Saking et al., 1999). The sequence
passes upward into braided river deposits. Ande-
sitic and shoshonitic volcanic rocks are interca-
lated with these sediments, and intrusive equiva-
lents cut these units locally along the TEFZ.
These volcanics give radiometric ages of 21-15
Ma and basic volcanic rocks give 15-5 Ma
(Yilmaz and Polat, 1998). In the ES-B, the young-
est units are lacustrine limestones and intercalated
sandstones deposited in a zone of normal faults
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EXPLANATIONS

THRACE NEOGENE MARMARA REGION BASINS
BASIN (L.PLIOCENE-RECENT)
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STRIKE-SLIP
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Fig. 4. Early and late neotectonic features superimposed on the basins of the Marmara region. Abbreviations of main fault
zones: TEFZ, Thrace-Eskisehir Fault Zone; GFZ, Ganos Fault Zone; BBFZ, Bandirma-Behramkale Fault Zone; MEFZ,
Manyas—Edremit Fault Zone. (Compiled from Siyako et al., 1989; Yaltirak et al., 1998, 2000b; Saking et al., 1999.) Abbrevia-
tions: (1) sub-basins in Thrace Neogene Basin: ES-B, Ergene Sub-basin; GMS-B, Gelibolu-Marmara Sub-basin; SMS-B, South
Marmara Sub-basin; (2) Marmara region basins, (a) Marmara Sea basins: WMS-B, West Marmara Sub-basin; MMS-B, Middle
Marmara Sub-basin; KS-B, Kumburgaz Sub-basin; EMS-B, East Marmara Sub-basin; BS-B, Bandirma Sub-basin; GS-B, Gem-
lik Sub-basin; EHS-B, Izmit Sub-basin; (b) Marmara land basins: ILB, Iznik Lake Basin; YB, Yenisehir Basin; INB, Inegol Ba-
sin; BB, Bursa Basin; M-UB, Manyas-Uluabat Basin; GB, Goénen Basin.

that were formed by the southward migration of
the TEFZ. Alluvial fans composed of upper Plio-
cene—Quaternary reddish conglomerates uncon-
formably overlie all these units and also the
TEFZ (Fig. 5) (Saking et al., 1999).

4.1.2. Gelibolu—Marmara Sub-basin

This sub-basin covers the area of the central
and western part of the Marmara Sea, Gulf of
Saros and Gelibolu Peninsula (Figs. 4 and 9).
Speckled mudstones overlie the basement uncon-
formably, passing upward into braided fluvial de-
posits and contemporaneous shoreline facies
(Saking et al., 1999). Fossils indicate an early to
early-late Miocene age (Yaltirak et al., 1998;
Saking et al., 1999). The thickness of the basin
fill varies, and becomes thinner towards the
fault-controlled basin edges. In the Algitepe bore-
hole on the Gelibolu Peninsula, the succession is

1000 m thick (Yaltirak et al., 1998; Yaltirak and
Alpar, 2002a). Uppermost, lagoonal, fossiliferous
limestone layers (late Miocene—early Pliocene) are
intercalated with siliciclastics deposits (Yaltirak et
al., 1998; Saking et al., 1999). Toward the basin
edges, the fluvial series observed at the base pass
laterally into more distal central basin deposits.
On the Gelibolu Peninsula, upper Pliocene—upper
Pleistocene alluvial fan units rest unconformably
above this concordant sequence; they accumu-
lated under the influence of the Anafartalar
Thrust Fault (Fig. 5) (Yaltirak et al., 2000a). Dur-
ing early Miocene—early Pliocene, the GMS-B was
developed over a fault system in which negative
and positive flower structures operated together,
under the control of the dextral GFZ. The gently
dipping normal faults, which bound the shelf
edges of the modern western and central Mar-
mara Sea, and ENE-WSW-trending master fault
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controlled the GMS-B. In the area placed between
these faults, the sediments, which become as thick
as 1000 m towards Gelibolu, were deposited on
the basinal axis.

4.1.3. South Marmara Sub-basin

The Neogene series penetrated by boreholes on
the southern Marmara shelf are made up of lacus-
trine units intercalated with volcanic rocks at the
base (Marathon Petroleum, 1976). Upward, these
units gradually pass into strata equivalent to the
multicoloured terrestrial series observed at the
base of the GMS-B (Marathon Petroleum,
1976). These units scem to be the lateral continu-
ation of the area between Gelibolu and Gazikody
on the southern Marmara shelf (Figs. 4 and 5).
The South Marmara Sub-basin (SMS-B), which is
situated between Gemlik and Bandirma and split
into two by the Mudanya-Bandirma uplift under
the effect of the NAFZ at present, contains a fill
of conglomerates and sandstones around Bursa,
Manyas, Uluabat and northward. To the south,
the dominant units are sandstones intercalated
with volcanic ash and occasional coal layers.
The thickness of these units is rather variable (Er-
giil et al., 1986). The sandstone units are locally
folded and overturned, showing local internal un-
conformities. Their ages cover a period between
the middle Miocene and early Pliocene (Ergiil et
al., 1986; Emre et al., 1998; Yaltirak, 2000a). The
faults controlling the SMS-B are those extending
westward from the TEFZ, with similar character-
istics to those of the GFZ (Figs. 4 and 5). These
are the BBFZ to the north and the MEFZ to the
south (Figs. 4 and 5).

4.2. Marmara region basins (late Pliocene—
Recent)

The Marmara basins are superimposed, under
the control of the NAFZ, on the component sub-
basins of the Thrace Neogene Basin (Fig. 4). The
sediments were deposited in the late Pliocene and
later, unconformably above the Thrace Basin
(Figs. 4 and 5) (Saking et al., 1999). Middle Mio-
cene-lower Pliocene units on the Istanbul, Kocae-
li and Armutlu Peninsulas represent low-energy
depositional environments (Saking et al., 1999;

Alpar and Yaltirak, 2002). These units are over-
lain by small-scale basins reflecting the effects of
the NAFZ (Figs. 4 and 5).

4.2.1. Marmara Sea Basin

Sediments in the Marmara Sea Basin (i.e. the
modern Marmara Sea) unconformably overlie a
variety of older rocks. This depression started its
evolution in the late Pliocene, superimposed on
units of early Miocene—early Pliocene age belong-
ing to the basins of Marmara—Gelibolu and South
Marmara (Fig. 4) (Yaltirak, 1996; Yaltirak et al.,
2000a). On the northern shelf, the Neogene units
have been completely eroded except in the area
around and to the south of Istanbul. The thick-
ness of the Neogene series is about 1000 m in the
Doluca and Isiklar boreholes drilled on the south
and west Marmara shelves (Marathon Petroleum,
1976; Yaltirak et al., 1998; Yaltirak and Alpar,
2002a). The Marmara Sea Basin can be divided
into eight sub-basins that can be defined by
troughs and ridges of different depths and sizes
(Figs. 4 and 5). Five of them are on the northern
strand of the NAFZ. Three of them are different
from the rest in terms of their depths and sizes.
Twenty-six published multichannel seismic pro-
files (Okay et al., 1999; Okay et al., 2000; Siyako
et al., 2000; Imren et al., 2001), cutting across
these sub-basins, were reinterpreted and sixteen
of these, together with 3390 line-km of high res-
olution seismic data (49 lines) have been used in
this study (Fig. 6).

The Marmara Sea Basin, which is defined by
the present coastline, is made up of deep troughs
and bounding shelf areas. These deep troughs
each have different basinal characteristics and
we denote them as sub-basins in this study, in-
stead of using the term ‘trough’, which is a mor-
phological term. For example, the Imrali Trough
(Okay et al., 2000) has no characteristics of a
morphological trough. On the contrary, the area
northeast of Imrali Island is a step-shaped plat-
form (Fig. 3), 400 m below present sea level. It is
located below a shelf in the shape of a isosceles
triangle, with two sides of 25 km and a base line
of 30 km, to the west of the Armutlu Peninsula.
This implies that this platform is not a trough,
and should be termed the Imrali Sub-basin due
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to its depositional characteristics and bounding
faults. Similarly, the troughs in the central Mar-
mara Sea must be considered neighbouring sub-
basins separated by saddles. Underwater failures,
turbidite fans, abyssal plain deposits, deformed
ridges and basin-controlling faults serve to define
these sub-basins. In conclusion, we prefer using
the term ‘sub-basin’, rather than ‘trough’, in order
to emphasise both the sedimentary units and
faults.

4.2.1.1. West Marmara Sub-basin

The maximum depth of this sub-basin is 1190
m. Except along its eastern side (640 m), it is
bounded by shelf areas (100 m). This rhomboidal
sub-basin covers the area of the WMT and its
environs (Figs. 3 and 4). The deposits in the
West Marmara Sub-basin (WMS-B) are thicker
than 2000 m (Okay et al., 1999). The WMS-B is
interpreted as a negative flower structure which
formed under the control of the northern strand
of the North Anatolian Fault, which passes to the
south. The block to the south of this fault con-
tains folded sediments (Fig. 7, Seismic Lines 05
and 06). In this part of the WMS-B, deposits
north of the fault are horizontal (Fig. 7, Seismic
Lines 05 and 06). Due to the releasing bend na-

ture of the main fault, normal faults can be seen
in the seismic profiles. The folding to the south, in
contrast, is caused by dextral shearing of the
southern block. To the southwest of the sub-ba-
sin, imbricated landslides have prograded north-
ward by overlapping horizontal deposits of the
basin floor (Figs. 3 and 8, Seismic Line 03). The
imbricated geometry of these landslide packages
(Fig. 8) has been interpreted as a thrust fault by
Okay et al. (1999), who believed that the complex
deposits overlying the horizontally bedded sedi-
ments were in the hanging wall of the thrust.
However, this complex structure corresponds to
a typical landslide complex; its lineated surface
is evident on the multibeam bathymetry map
(Fig. 3).

To the northwest, a low-angle normal fault
bounds this sub-basin (Fig. 7, Seismic Line 05).
Young deposits overlap this fault. In this area,
there are no landslides similar to those observed
south. Instead, wide submarine fans spread basin-
ward in front of many small canyons (Fig. 3). To
the east of the WMS-B, the WMR has been up-
lifted under the control of a northeast-southwest-
trending thrust fault leading to folding of the east-
ern part of the fill of the sub-basin (Fig. 7, Seismic
Lines 01 and D8). The WMR is completely com-
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Fig. 8. Not interpreted (from Okay et al., 1999)(A) and re-interpreted (this study) (B) time-migrated seismic reflection profiles
along Seismic Line 02. This seismic line shows a landslide complex and the North Anatolian Fault North Segment (Ganos
Fault). (C) Location of the seismic line and position of the northern segment of the North Anatolian Fault.

posed of folded sediments and its northern
boundary has a thrust character (Fig. 7, Seismic
Line DS).

4.2.1.2. Middle Marmara Sub-basin

The Middle Marmara Sub-basin (MMS-B),
located in the middle of the Marmara Sea
(Fig. 4), resembles a parallelogram. It includes
the 1250-m-deep MMT (Fig. 3) and also the
gentle surrounding slope areas. northwest—south-
east-trending, step-wise normal faults mark the
east and west margins of the basin. The other

two margins of the basin are the southern and
northern shelves landward of gently dipping
normal faults (Figs. 6 and 7, Seismic Line D2).
The northern strand of the NAFZ crosses the
centre of the basin in a direction of N8O0°E
(Figs. 3, 4, 6 and 7, Seismic Line D2). The basin
is under the control of the normal faults which
developed due to dextral shearing forces. The
sediment thickness is more than 2.5 km (Imren
et al., 2001), supplied through the canyons ex-
tending from the southern and northern shelves

(Fig. 3).
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4.2.1.3. Kumburgaz Sub-basin

To the northeast of the MMR, the northeast—
southwest-elongated Kumburgaz Sub-basin (KS-
B) is 800 m deep (Figs. 6 and 7, Seismic Line
14). Along its northern side, the KS-B is con-
trolled by a strike-slip fault, almost vertical but
dipping southward and with a normal component
of motion. There is also a thrust fault bounding
the northwest edge of the EMR (Figs. 3, 4, 6 and
7, Seismic Line 15). Younger sediments are flat
lying but older layers become progressively more
folded.

4.2.1.4. East Marmara Sub-basin

The East Marmara Sub-basin (EMS-B) has the
shape of an acute triangle between the Kocaeli
and Armutlu Peninsulas. It includes the eastern
flanks of the EMT and EMR (Figs. 3 and 4).
The northern edge of this sub-basin is outlined
by normal faults, which are almost vertical to
the east, while dipping southward to the west
(Figs. 6 and 7, Seismic Lines T4, 33, 29, 30).
The southern edge of this sub-basin, on the other
hand, is outlined by the eastern segment of the
northern strand of the NAFZ, which is dextral
strike-slip fault trending east-west and dipping
northward (Figs. 6 and 7, Seismic Lines 29, 30,
37, 33). To the west of the sub-basin, the mean
sea bottom slope is about 8° between a 12-km-
wide area forming the deepest part of the basin
(1200 m) and the top of the EMR (500 m).
Young deposits in the western part of the basin
are folded and even imbricated due to dextral
shearing; this shearing has also caused the east-
ern flank of the EMR to be folded and uplifted
(Figs. 6, 7 and 9A,B, Seismic Lines 15, M13). The
EMR is an anticline formed by compression, but
the near-surface faults record shallow gravity-
driven extension along the anticline axis and
give a wavy appearance to the surface of this
ridge (Fig. 9B,C). These structures were inter-
preted as mega-ripples by Imren et al. (2001)
and as folds by Okay et al. (2000). Similar struc-
tures elsewhere in the Eastern Mediterranean re-
gion were considered as mega-ripples by Ediger et
al. (2000). However, these other structures are
also clearly shallow normal faults (A.E. Aksu,

pers. commun., 2001) like those on the EMR
(Fig. 9C).

4.2.1.5. East Hersek Sub-basin

The East Hersek Sub-basin (EHS-B) covers a
portion of Izmit Bay east of the Hersek Delta. Its
deepest point is 204 m in the EHT (Fig. 3). This
sub-basin is developing on the releasing bend of
the northern strand of the NAFZ, caused by
small jumps between related fault segments where
the NAFZ enters the Marmara Sea. In the eastern
parts of this rather young sub-basin, the Holocene
deposits unconformably overlie acoustic basement
(Alpar and Yaltirak, 2002).

4.2.1.6. Imrali Sub-basin

This sub-basin lies below the 300-400 m-deep
IF (Fig. 3), located between the EMT and the
southern Marmara shelf off the Armutlu Peninsu-
la. The IF becomes shallower northwestward and
forms the centre of this sub-basin (Fig. 3). Con-
sistent with the dextral movement of the Imral
Fault Zone (IFZ) and the NAFNS, but also re-
flecting the normal component of motion on the
IFZ, this sub-basin has developed due to tilting of
the hanging-wall block (Figs. 3, 4, 6, 7, Seismic
Lines 15, 33). Dextral faults extending along the
northwest coast of the Armutlu Peninsula accom-
modate the subsidence of the basin floor (Fig. 7,
Seismic Line, and Fig. 10).

4.2.1.7. Bandwma and Gemlik Sub-Basins

The Bandirma Sub-Basin (BS-B) and the Gem-
lik Sub-basin (GS-B) are situated on the middle
strand of the NAFZ near the south coast of the
Marmara Sea (Figs. 1 and 10). They are located
in Bandirma and Gemlik Bays. The GS-B is situ-
ated at a water depth of 110 m and has the shape
of an ellipse with a northwest-southeast major
axis. It is a pull-apart basin caused by the inter-
section of the middle strand of the NAFZ with an
older northwest-southeast-oriented fault system
(Yaltirak and Alpar, 2002b). The BS-B covers
an area which is separated from the rest of the
Marmara Sea by a 60-70 m-deep sill east of the
triangular BT (Fig. 3). It has developed above a
small-scale releasing bend where the west-trending
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Fig. 9. Not interpreted (from Okay et al., 2000) (A) and re-interpreted (this study) (B) time-migrated seismic reflection profile
along Seismic Line M13. (C) This seismic line shows the EMR. The anticlinorium is controlled by two major thrust faults. While
folding processes are dominant in the core of the anticlinorium, upward some domino-type shallow normal faults developed on a

detachment surface due to the extension occurring on that surface.

middle strand of the NAFZ bends southwest at
Bandirma Bay.

4.2.2. Iznik Lake Basin

Iznik Lake Basin (ILB) is located beneath Iznik
Lake. It has subsided under the control of the
middle strand of the NAFZ, located near its
southern shoreline (Fig. 5), and step-wise normal

faults to the north, which are oblique to the
strike-slip fault (Figs. 3, 4 and 10). It is separated
from Gemlik Bay by a narrow valley. Quaternary
alluvial fans occur in front of the faults along the
southern shores of the lake (Figs. 5 and 10). In
this area there are many step-wise and small-scale
normal faults, which are parallel to the master
fault.
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4.2.3. Yenisehir Basin

The Yenisehir Basin (YB) is located on land
atop the southern branch of the NAFZ (Figs. 5
and 10). It is a pull-apart basin developed due to
jumping of the southern branch of the NAFZ to
another nearby dextral segment. The basin started
to develop in the late Pliocene. The rhombohedral
Yenisehir Plain forms the centre of this basin
(Figs. 5 and 10). Strike-slip faults bound the basin
edges and largely encompass the Pliocene basin
fill (Yaltirak, 2000a). For example, the thickness
of young alluvial deposits is 1-2 m beyond the
southwestern edge of the basin, thickening to
80 m just northeast of the basin-bounding fault
(Yaltirak, 2000a).

4.2.4. Inegil basin

The Inegol Basin (IB) initially developed on the
Thrace—Eskisehir Fault. It was uplifted and par-
tially eroded during the Miocene under the con-
trol of strike-slip tectonics (Kaymakgi, 1991)
(Figs. 5 and 10). More recently, these strike-slip
faults were reactivated as normal faults by move-
ment on the southern strand of the NAFZ, caus-
ing subsidence of the Inego6l Plain and IB to re-
commence.

4.2.5. Bursa Basin

The Bursa Basin (BB) overlies the Neogene
Southern Marmara Basin (Figs. 4, 5 and 10).
The dextral strike-slip fault outlining the northern
boundary of the Yenisehir Basin crosses the
southern part of the Bursa Plain (Figs. 5 and
10; Yaltirak, 2000a). The town of Bursa, Mount
Uludag and its slopes are situated on the alluvial
fans developed in front of the normal faults
parallel to this fault. Some normal faults, re-
activated by the intersection of the southern

strand of the NAFZ with the northwest—south-
east-trending TEFZ, outline the eastern border
of the triangular-shaped Bursa Plain (Figs. 5
and 10).

4.2.6. Manyas—Uluabat Basin

The Manyas—Uluabat Basin (M-UB) is super-
imposed on the Southern Marmara Basin and has
developed under the control of the NAFZ (Fig. 4).
The southern strands of the NAFZ to the south
of the basin control modern sedimentation. This
fault is made up of three segments. Its western
and eastern segments exhibit strike-slip while the
central part is a normal-oblique fault on which
the Manyas and Uluabat Lakes have developed
(Figs. 4, 5 and 10). Holocene alluvial deposits
overlie Pliocene conglomerates at the margins of
this wide plain with angular unconformity. To the
north of the basin, between Karacabey and
Bandirma, the boundary between the alluvial
and Neogene deposits forms a distinct morpho-
logical step. Rivers that extend southward across
this step have carved deep trenches. The M-UB
has opened along normal faults with a dextral
oblique component. These faults are located to
the north and south of the basin.

4.2.7. Gonen Basin

The Gonen Basin (GB) developed where the
middle and southern strands of the NAFZ be-
came closest to each other (Figs. 4 and 10). Qua-
ternary alluvium fills this fault-bounded basin, un-
conformably overlying folded Neogene rocks of
the Southern Marmara Sub-basin. The basin de-
veloped here because of opening between the ‘el-
bows’ of the various fault strands, caused by
southwestward bending of the southern strand
of the NAFZ.

Fig. 10. Tectonic map of Marmara region (land area compiled from Ergiil et al., 1986; Siyako et al., 1989; Yaltirak et al., 1998;
Saking et al., 1999; Yaltirak and Alpar, 2002b; Alpar and Yaltirak, 2002 and field study). Faults on the map were identified on
LANDSAT 5TM images and through field observations. Marine faults were mainly mapped using the shallow-penetration seismic
lines of the Memorial University of Newfoundland. Not interpreted deep lines are from Okay et al. (1999, 2000); Siyako et al.
(2000); Imren et al. (2001). Fault plane solutions are from Taymaz, (1990, 1999, 2000); Kalafat (1995), and Giirbiiz et al. (2000).
GPS vectors are plotted with respect to a fixed station at Istanbul (black star) (from Straub et al., 1997). Abbreviations: TEFZ,
Thrace-Eskisehir Fault Zone; WMS-B, West Marmara Sub-basin; MMS-B, Middle Marmara Sub-basin; KS-B, Kumburgaz
Sub-basin; EMS-B, Eastern Marmara Sub-basin; BS-B, Bandirma Sub-basin; GS-B, Gemlik Sub-basin; EHS-B, Eastern Hersek
Sub-basin; ILB, Iznik Lake Basin; YB, Yenisehir Basin; INB, Inegol Basin; BB, Bursa Basin; M-UB, Manyas—Uluabat Basin;

GB, Go6nen Basin.
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5. Tectonic setting

As there are no detailed structural maps for the
Marmara region, the exact location of the strands
of the NAFZ on the land are not well established.
The structural architecture of the region is com-
piled wusing existing 1:250000 field maps,
1:500000 satellite imagery, and digital topogra-
phy maps (Figs. 5 and 10). This compilation re-
vealed the presence of two different-aged systems
in the Marmara Sea region, which intersect each
other. The peculiar geometrical shapes of the
Marmara Sea and the faults extending around
its surroundings have clear differences in their ori-
entation. The most important is the N45°W-
trending TEFZ (Figs. 5 and 10). Others are the
N80°E-oriented GFZ, the N45°E-oriented BBFZ
and, parallel to this, the MEFZ (Figs. 5 and 10).
With the exception of the TEFZ, these faults con-
tinue their activity controlled by the activity in the
NAFZ. The splays of the TEFZ, which stay with-
in the influence area of the NAFZ, play an active
role in the evolution of the present geometry of
the Marmara Sea.

5.1. Northwest Anatolia early neotectonic period
(early Miocene—early Pliocene) fault systems

Early Miocene—early Pliocene faults in North-
west Anatolia include the dextral strike-slip
TEFZ, which was active prior to the NAFZ,
and its westward deflections, the GFZ, BBFZ
and Edremit-Gonen Fault Zone (Figs. 5 and 10).

5.1.1. Thrace Eskisehir Fault Zone

At present, the TEFZ is dissected by the strands
of the NAFZ and divided into four segments
(Figs. 5, 9 and 11). Studies on the TEFZ in
Eskisehir-Inonii (Gozler et al., 1985; Bozkurt,
2001), Inegol (Kaymakei, 1991), Bursa—Mudanya
(Yaltirak, 2000a), and Thrace (Peringek, 1991) de-
fine a major dextral strike-slip system which was
active during the early Miocene—early Pliocene.

5.1.1.1. Eskisehir—Inegil Segment

This segment of the TEFZ occurs between Bur-
sa and Tuzgoli and is known under different
names. Kaymakci (1991) called the Inegdl Seg-

ment the ‘Inegdl Fault Zone’. Altunel and Barka
(1998) defined the Eskisehir Segment of the TEFZ
as a normal fault. Bozkurt (2001) proposed that
the TEFZ is a dextral normal fault developed
during the Plio-Quaternary period. The Es-
kisehir-Inegdl segment is the longest segment
(400 km) of the TEFZ, extending between the
western part of the Tuzgdlii and Bursa through
Eskisehir (Fig. 11A,B). In many localities to the
south, this fault segment is buried beneath Plio-
cene and Quaternary units. Around Tuzgélii, Es-
kisehir, Inonii, and Inego6l (Fig. 1A), Miocene
dextral strike-slip faults later reactivated as nor-
mal faults creating Quaternary basins. This is also
clearly visible on the Bouguer and magnetic maps
prepared by MTA as well as on digital SAR in-
terferometry topography maps (Fig. 11C,D).

5.1.1.2. Bursa—Mudanya Segment

This segment is ~48 km long and occurs be-
tween Bursa and Mudanya (Yaltirak and Alpar,
2002b). It exhibits characteristics of a normal
fault and plays an important role throughout
the evolution of the Bursa Plain (Figs. 5 and 10).

5.1.1.3. Imrali Segment

The Imrali segment is a ~ 62 km long, north-
west—southeast-trending fault which occurs be-
tween Gemlik Bay and the Imrali Sub-basin. In
Gemlik Bay, and between the eastern part of the
Imrali Island and the MMS-B it displays charac-
teristics of a normal fault (Figs. 5 and 10).

5.1.1.4. Adalar-Thrace Segment

This segment starts from Tuzla and extends to
Thrace. It is the extension of the Imrali segment,
which was offset by the northern strand of the
NAFZ. It outlines the northern boundary of the
EMS-B, where it displays normal sense separa-
tions (Figs. 6 and 10). Farther west, it loses its
normal character and extends toward Thrace
along the northern edge of the Central Marmara
Trough, in the form of three parallel strike-slip
zones (Figs. 5 and 10). The dextral strike-slip fault
zone defined by a horsetail structure has initially
been mapped by Peringek (1991). At present, this
structure, which is ~220 km long in East Thrace,
and the northwest-southeast-trending zone is cov-
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Fig. 11. (A) Digital elevation model map of West Turkey from Gazioglu et al. (2002). Arrow shows TEFZ. (B) Main tectonic
lines drawn from superimposed digital elevation model map, gravity and magnetic maps. Abbreviations: TEFZ, Thrace-Eskisehir
Fault Zone; BFFZ, Burdur-Fethiye Fault Zone; NAFZ, North Anatolian Fault Zone. (C) Shaded Bouguer anomaly map of
West Turkey (T =20 km) from Akdogan (2000). Arrow shows TEFZ. (D) Shaded total magnetic intensity map of West Turkey

from Akdogan (2000). Arrow shows TEFZ.

ered by Plio-Quaternary deposits (Figs. 5 and 10).
This fault zone continues northward into Bulga-
ria, and one strand of it bends southward con-
necting with the Xanti-Kavala Fault in Greece
(Tapirdamaz and Yaltirak, 1997).

5.1.2. Ganos Fault Zone

The GFZ starts from the KS-B and is com-
posed of southward bending faults of the TEFZ
(Figs. 5 and 10). It continues towards the North
Aegean Trough. The GFZ is ~700 km long. To
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the west, the south and north boundaries of the
GFZ are the gently sloped normal faults defining
the primitive structure of the Marmara Sea
(Figs. 1, 5 and 6). Between these boundary faults,
there are the northeast-southwest-trending
WMR, the Ganos Mountain, Dolucatepe, Helva-
tepe, Anafartalar Thrust Fault, which are all lo-
cated on the GFZ, occurring oblique to, and to
the north and south of the master fault (Yaltirak
and Alpar, 2002a). Westward, the GFZ joins the
North Aegean system (Fig. 1B). In the present-
day Gulf of Saros, the GFZ continues as a neg-
ative flower structure controlled by the master
fault, with compression to the south, i.e. the Gel-
ibolu Peninsula (Yaltirak et al., 1998, 2000a,b).
The most distinguishing feature of this structure
is its geometry. This V-shaped structure along the
main fault composed of compressional and exten-
sional blocks is similar to splays deviating from
the master fault (e.g. the Yagmurlu-Ezinepazar
Fault Zone and the Almus Fault Zone on the
NAFZ; Bozkurt and Kogyigit, 1996; Bozkurt,
2001).

5.1.3. Bandirma—Behramkale Fault Zone

The Bandirma—Behramkale Fault Zone (BBFZ)
extends from the Bandirma Bay to the western
part of Edremit Bay and is composed of a number
of strike-slip faults of varying lengths (Figs. 1, 5
and 6; Siyako et al., 1989). This fault zone defines
the interface between the Neogene units and the
basement rocks to the south. Most of these seg-
ments are dextral and developed early Miocene—
late Miocene depocentres dominated by local
compression (Siyako et al., 1989). A net displace-
ment of 8 km has been determined on a segment
of this fault zone (see Inova—Sarikdy Fault; Siya-
ko et al., 1989). Besides, there are 1-5 km offsets
on other segments. It is highly possible that this
system evolved as a fault bundle controlled by the
internal deformations in the block to the south of
TEF and GFZ.

5.1.4. Manyas-Edremit Fault Zone

The Manyas-Edremit Fault Zone (MEFZ) con-
sists of en echelon faults, extending northeast—
southwest from Gonen to Edremit Bay, within a
10-15-km-wide zone (Figs. 1, 5 and 6). It forms

the interface between the Neogene units and the
basement to its northwest. Many small-scale ter-
restrial basins have been developed along this dex-
tral strike-slip fault. In one of these basins near
Kalkim, the sediments intercalate with middle
Miocene volcanic rocks forming a boundary be-
tween the faults and Neogene (Fig. 5). The layers
of these deposits, which are folded and almost
upright in position, imply that the activities of
these faults even continued after the basin evolu-
tion.

5.2. Northwest Anatolia late neotectonic period
(late Pliocene—Present) fault systems

The three strands of the NAFZ in the Eastern
Marmara region came into existence in the late
neotectonic period. These faults are superimposed
on the early neotectonic fault systems.

5.2.1. Northern strand of the North Anatolian
Fault Zone

The NAFNS starts from Bolu and reaches to
the Eastern Marmara area through Izmit Bay
(Fig. 1). In the Eastern Marmara Sea region, the
NAFZ dips north and can be traced to the west-
ernmost end of the EMT (Figs. 6, 9 and 12).
Further west, the NAFNS is connected to GFZ
of the EMR within an ~10-km wide region
(Figs. 7, 9 and 12). The EMR is a typical restrain-
ing band, similar to those observed in dextral
strike-slip systems (Sylvester, 1988; Ben-Avra-
ham, 1992). The oblique tension developed be-
tween the Adalar Fault Zone, the northern
boundary of the EMT. The oblique extension be-
tween the Adalar Fault Zone, extending north of
the EMT, and the North Anatolian Fault caused
the opening of the EMS-B. Because the GFZ
crosses the MMT obliquely southward the
oblique compression caused the development of
the ENE-WSW-trending MMR. Because the
GFZ changes its direction westward, WNW-
ESE-trending normal faults created the MMS-B
(Figs. 7, 8, 10 and 12). Further west, the GFZ,
trends westward, causing the development of the
northeast-southwest-trending WMR (Figs. 7, 8,
10 and 12). This typical push-up is controlled by
the thrust faults developed at an angular to the
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right-lateral movement (Sylvester, 1988). To the
west of the WMR, the BMS-B opened as the re-
sult of a north-south extension created by the
bending associated with compression in the GFZ
(Figs. 7, 10 and 12). Further west, GFZ extends
to the Northern Aegean Sea crossing a land
bridge (Figs. 1 and 10). At present, in the central
and western Marmara Sea region, the sub-basins
and ridges continue their evolution in a tectonic
regime superimposed on the negative flower struc-
ture created by the GFZ (Figs. 6, 9, 12 and 13).
Further east, due to intersection of the TEFZ and
the NAFZ, the Thrace-Eskisehir fault trending
45° oblique to the NAFZ (i.e. Adalar and Imrali
Fault Zones) gains activity created by the exten-
sional regime consistent with the right-lateral
strike-slip systems. These faults were converted
into normal faults (Fig. 10). Thus, the GFZ and
the northern strand of the NAFZ are connected
to each other under the CMR, which will transmit
the dextral movement further (Fig. 13). The con-
sequence of the NAFZ reaching the Marmara re-
gion in late neotectonic period and propagating
towards the GFZ, the NAFNS formed a deep
and single structure beneath the EMR, connecting
the two segments of the master fault in the west-
ern and eastern Marmara in a single structure at
depth.

5.2.2. Middle strand of the North Anatolian Fault
Zone

The North Anatolian Fault bifurcates in Bolu.
Then it again bifurcates around Pamukova or
Geyve (Figs. 1 and 10; Kogyigit, 1998). The
middle strand, which extends to Gemlik Bay
via Pamukova and Iznik Lake, intersects with
the TEF, causing the opening of the Gemlik
pull-apart basin. The reactivated segments of
TEF caused the deepening of this basin (Yaltirak
and Alpar, 2002b). At present, the middle strand
follows the coastal line from Gemlik Bay to
Bandirma Bay and it deflects 20° southward into
Bandirma Bay. The main reason for this deflec-
tion is its connection with the BBFZ (Figs. 5, 9
and 13). At present, the BBFZ continues its ac-
tivity as a middle strand of the NAFZ, the
NAFMS, similar to the GFZ at the western Mar-
mara Sea.

5.2.3. Southern strand of the North Anatolian
Fault Zone

The NAFSS follows the southern boundary of
the Yenisehir Basin (Fig. 10). Further west, the
movement is transferred into a fault situated to
the north of the Inegdl Basin, and the southern
strand intersects the TEF for the third time east
of Bursa (Figs. 5 and 10). The NAFSS outlines
the southern boundary of the Bursa Plain, and
then follows the southern margins of Uluabat
and Manyas Lakes. The block that deflects south-
ward due to compression causes an oblique ten-
sional regime between Manyas and Uluabat (Figs.
5 and 10). The southern strand extends into Edre-
mit Bay via the MEFZ, with a progressively re-
duced rate of motion.

6. Regional seismicity

Many historical earthquakes with magnitudes
> 7 are known to have occurred within the study
area (Ambraseys and Jackson, 2000). Fault plane
solutions of the earthquakes considered in this
study show the effective deformation responsible
for the opening and evolution of the Marmara
basins and are in good agreement with the ob-
served faults.

6.1. Earthquakes on the northern strand of the
North Anatolian Fault

These earthquakes occurred on east-west-
trending strike-slip faults dominantly dextral in
sense with 6.6-7.4 Mg and ~ 10 km focus depth.
Starting from the east, these are the 1943 Hendek,
1951 Kursunlu, 1957 Abant, 1967 Mudurnusuyu-—
Adapazari, 1999 Izmit, and 1999 Diizce earth-
quakes (Mc Kenzie, 1972; Ambraseys and Jack-
son, 1998; Taymaz et al., 1991, 2001; Taymaz,
1999, 2000). The earthquakes with magnitudes
< 6.4 occurring in the Marmara Sea have differ-
ent characteristics from the above. In particular,
distributions of earthquakes measured at local
stations since 1997 and the focal mechanism solu-
tions of the aftershocks of the 1999 Izmit earth-
quake (Ergin et al., 2000) give kinematic clues for
the Marmara faults (Fig. 10). The biggest of the
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Fig. 12. Structural block diagram of the Marmara Sea composed from seismic lines re-interpreted in this paper (Fig. 6).



C. Yaltirak | Marine Geology 190 (2002) 493-529 519

m
=~

Fig. 13. Structural model block diagram of the Marmara region faults. This figure shows the linkages between the Thrace—Eskise-
hir Fault parts and the North Anatolian Fault segments. Abbreviations: TEFZ, Thrace-Eskisehir Fault Zone; NAFNS, North
Anatolian Fault North Segment, i.e. ‘Great Marmara Fault’ of Le Pichon et al. (1999); NAFMS, North Anatolian Fault Middle

Segment; NAFSS, North Anatolian Fault South Segment.

earthquakes in the Marmara region occurred in
the Adalar Fault Zone in 1963. Its fault plane
solution indicates a northwest—southeast-trending
extension along normal faults (Taymaz, 1990,
2000). Here, the northwest-southeast-trending
normal faults form the northern boundary of
the EMT (Fig. 10). It is important to note that
the aftershocks of the 1999 earthquakes (Ergin et
al., 2000) are stacked along the margins of the
EMT, possibly caused by the splitting of the fault
into two branches. Comparison of the aftershock
distribution with the fault map of Ergin et al.
(2000), Alpar and Yaltirak (2002) have suggested
that the trends in the aftershocks are a production
of deformation scattered at the end of the fault of
the 1999 Izmit earthquake, which terminated
around the eastern end of the EMT. The tectonic
setting proposed by Alpar and Yaltirak (2002)
and fault plane solutions reflect the character of
a dextral strike-slip deformation at the margins of
the EMS-B. The results of a seismographs net-

work operated before the 1999 earthquakes obvi-
ously indicate a series of earthquakes also corre-
sponding with the deep Marmara troughs (Fig. 10;
Giirbiiz et al., 2000). On this line, there are two
earthquakes focused to the south of the EMT.
The eastern earthquake revealed a northwest—
southeast-oriented normal right-lateral oblique
solutions, while the second earthquake, which is
located to the central west of the EMT, gave a
northeast—southwest minor compression (Fig. 10).
The fault plane solution of another earthquake on
the EMR also indicated compression with a mi-
nor right-lateral component. This fault, along
which these three earthquakes are aligned, extends
from the Izmit Bay to the EMR and dips north-
ward (Figs. 9, 12 and 13).

Fault plane solutions for earthquakes along the
fault extending between the KT and the MMT
give northeast-southwest-oriented strike-slip with
varying extension as well as northwest-southeast-
directed extension that can be correlated with nor-



520 C. Yaltirak | Marine Geology 190 (2002) 493-529

mal faults in the region (Giirbiiz et al., 2000). In
the central part of the MMT, the master fault
passes through the central portion of the trough
reaching the WMR. Here, the fault plane solu-
tions show strike-slip with extension (Fig. 10).
The fault plane solution for the earthquake lo-
cated on a thrust fault between the WMT and
WMR (Fig. 10; Giirbiiz et al., 2000) show north-
east-southwest compression. All these earth-
quakes have their focal depth <15 km (Giirbiiz
et al., 2000). There are few fault plane solutions
for the western part of the Marmara region on the
NAFNS. One of them gives northeast-southwest-
directed compression, possibly correlating with a
similar trending trust fault on the GFZ around
Ganos Mountain (Fig. 10; Kalafat, 1995). Dex-
tral strike-slip offsets of <5.5 m observed be-
tween Gazikdy and the Gulf of Saros developed
as the results of the 1912 Sarkoy—Miirefte earth-
quake (Altunel et al., 2000; Altinok et al., 2001).
Detailed field observations conducted on the GFZ
closer to the Marmara Sea indicated the presence
of northeast-southwest-trending thrust faults
oblique to the master fault (Yaltirak, 1996).

The fault plane solutions of an earthquake
which occurred in 1975 on the northern strand
of the NAFZ extending along the northern mar-
gin of the Saros Trough (Yaltirak and Alpar,
2002a) gave right-lateral offset with normal com-
ponent (Fig. 10; Taymaz, 1990, 2000).

6.2. Earthquakes on the middle strand of the
North Anatolian Fault

No large earthquakes have been recorded on
the middle strand of the NAFZ and its eastern
extension during the period when seismographic
data were available. However, there is a dense
seismic activity around Gemlik and Bandirma
Bays (Fig. 1B). Giirbiiz et al. (2000), identified
seven small earthquakes between Iznik Lake and
the Southeast Marmara Sea (Fig. 10). Fault plane
solution of earthquakes located north of Iznik
lake give northwest-southeast-trending extension
along normal faults, whereas those closer to the
Armutlu Peninsula give northeast-southwest dex-
tral strike-slip.

Fault plane solutions of Giirbiiz et al. (2000)

for Gemlik Bay are consistent with the oblique
normal faults observed in the seismic reflection
profiles (Fig. 10). Although there is no earthquake
west of the middle strand of the NAF, three of
fault plane solutions given by Giirbiiz et al. (2000)
on land are close to the master fault (Fig. 10), and
show dextral strike-slip character (Fig. 10). In
addition, fault plane solutions of the 1953 and
1969 Yenice earthquakes on the eastern part of
the middle strand give northeast-southwest-trend-
ing thrust faults with right-lateral component and
pure dextral strike-slip faults, respectively (Fig. 10;
Taymaz, 1990, 2000), consistent with the south-
ward bending of the middle strand and westward
escape of the Anatolian Block.

6.3. Earthquakes on the southern strand of the
North Anatolian Fault

On the southern strand of the North Anatolian
Fault the largest earthquakes throughout the pe-
riod when seismographic data were available are
the 1964 Manyas and the 1983 Yenisehir earth-
quakes (Ketin, 1966; Taymaz, 1990). Different
epicentres have been proposed for the 1983 earth-
quake (Taymaz, 1999; Giirbiiz et al., 2000). How-
ever, fault trends for either solutions are in the
same direction with the southern strand of the
North Anatolian Fault (Fig. 10).

Around Bursa, the fault plane solutions of Gir-
biiz et al. (2000) give different fault directions
consistent to the geometry the intersection of the
NAFSS and TEFZ (Figs. 1B and 10). The 1964
Manyas earthquake is another event related to the
southern strand, giving an almost east-—west-
trending normal fault plane solution (Fig. 10;
Taymaz, 1990). Although its epicentre is placed
to the north of the Uluabat—-Manyas Basin (Tay-
maz, 1990), detailed field surveys conducted after
the earthquake along the fault rupture placed it to
the south of the basin indicated surface deforma-
tions associated with a dextral strike-slip fault
(Ketin, 1966, 1969). The NAFSS bends 45° south
starting at the town of G6nen and turns a transfer
zone compressed by ‘echelon’ faults (Fig. 10). The
fault plane solution of the 1971 earthquake at
the western extension of this fault, gives north-
east-southwest-trending compression along thrust



C. Yaltirak | Marine Geology 190 (2002) 493-529 521

faults, oriented dominated by the right-lateral
strike-slip component (Fig. 10; Giirbiiz et al.,
2000).

7. Offsets of the strands of the North Anatolian
Fault in the Eastern Marmara region

Until recently the amounts displacement on the
strands of the NAFZ could not be precisely de-
termined, thus estimates of total displacements
ranged from 20 to 85 km (e.g. Bozkurt, 2001).
Detailed measurements can now be made by com-
bining GPS vectors, digital topographic maps
compiled using SAR interferometry, and marine
seismic profiles.

Due to the digital topography map prepared by
Wright et al. (2001) and SAR interferometry the
relation of the strands of the NAFZ with the
TEFZ can be evaluated in the region of Bursa
(Fig. 14), as well as the Sakarya River, which
has been offset by the NAFZ at two sites: south
of Diizce Plain and Pamukova where the NAFZ
bifurcates (Fig. 14). The digital topography map
shows that the Sakarya River is offset by the
NAFNS ~58 km from its older riverbed to the
north (Fig. 14). However, a ~ 18-km displace-
ment is observed at Pamukova where it is cut
through by the NAFZ (Kogyigit, 1988). The
TEF is also cut through by the southern strand
of NAFZ by ~10-11 km (Fig. 14).

Alpar and Yaltirak (2002) used seismic reflec-
tion data to calculate the displacement of the TEF
by the middle strand of the NAFZ in Gemlik Bay
as 7-8 km (Fig. 14). The total of the Bursa and
Gemlik offsets are almost exactly 18 km on the
digital topographical map. In the Marmara Sea,
there is 56-63-km offset between the segments of
the TEF cut by the northern strand of the NAFZ
(Fig. 6), which is consistent with the 58-km offset
observed on the Sakarya River (Fig. 14). The oth-
er way controlling the offsets on the NAFZ ob-
tained by seismic data is the calculation based on
age determination of the discontinuity between
the end of the early Pliocene and late Pliocene,
as caused by the activity of the NAFZ, by using
GPS slip vectors. This discontinuity corresponds
to 3.4-3.7 Ma (Yaltirak et al., 2000a). Using the

GPS slip vectors (Straub et al., 1997) the relative
displacements during the last 3.5 Ma between the
blocks are calculated as 59.5 km along the
NAFNS (average velocity 17 mm/yr), as 7.4 km
along the NAFMS (average velocity 2.1 mm/yr)
and as 10.5 km along the NAFSS (average veloc-
ity 3 mm/yr). Hence, the displacements of the
strands of the NAFZ around the Marmara Sea
region are 58-59, 7-8, and 10-11 km, on the
northern, middle, and southern branches, respec-
tively. These figures indicate a total of 75-78-km
total displacement in the region, which is consis-
tent with the 85+ 5-km and 80-km displacements
calculated by Sengor (1979) and Hubert-Ferrari
(1998) for the central and eastern parts of the
NAFZ, respectively. The highest westward escape
of the Anatolian Block is along the northern
strand (77%), followed by southern (14%) and
middle (9%) strands.

8. Geological evolution of the Marmara Sea region
using palinspastic modelling

Palinspastic maps were prepared using fault
plane solutions and GPS slip vectors representing
each block defined by the strands of the NAFZ
(Fig. 15). On these maps, the city of Istanbul is
assumed to be a fixed base point, the blocks were
then simultaneously moved for every 500000 yr.

The TEFZ and its spalys were in the Marmara
region ~4 Ma (Fig. 15A). Four blocks located to
the west of the TEFZ (TB, MB, GB, and BB)
were separated from each other by the dextral
GFZ, BBFZ and MEFZ. While to the east of
the TEFZ, the Thrace Armutlu Block extended
towards Anatolia (Fig. 15A). When the NAFZ
reached the eastern Marmara region ~3.5 Ma,
it cut through the TEFZ at three locations, ceas-
ing the activity of the TEFZ in Thrace. However,
the GFZ, BBFZ and MEFZ were incorporated
into the NAFZ, and thus continued their activity.
During this period, the northwest—southeast-
trending segments of the TEFZ were reactivated
as normal faults (Fig. 15B). The EMS-B started to
evolve due to segmentation of the TEF resulting
from the first offset along the nascent NAFZ,
which activates as a boundary of TKB between
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Fig. 14. Morphotectonic map of the East Marmara region. Faults from Yaltirak (2001a), Alpar and Yaltirak (2002), Yaltirak
and Alpar (2002b). Digital elevation map from Wright et al. (2001). Shaded rectangle shows total displacement on the NAFZ
segments. This study used by indicator TEFZ and Sakarya River for displacement. A-B: Sakarya River 58 km displaced by
NAFZ. C-D: Sakarya River in Pamukova, 18 km displaced by NAFZ. C-D=E-F: TEFZ in Bursa, 10 km displaced by

NAFZ). G-H: TEFZ in Gemlik, 8 km displaced by NAFZ.

the NAFNS and GFZ (Fig. 15B). During this
period the Ganos region and the Gazikoy—Geli-
bolu areas started to uplift (Fig. 15A). The GFZ
and the eastern parts of the NAFZ in the Eastern
Marmara Sea define the northern boundary of the
Marmara Block which continued its westward es-
cape 3-2.5 Ma ago (Fig. 15B-D). The step be-
tween these two faults first caused the evolution
of the EMS-B, but later, the EMR started to up-
lift by the stretching of the northeast margin and
squeezing of the western parts (Fig. 15E-G). To
the west the Gazikéy—Gelibolu uplift abandoned
the MMS-B and placed it to the south of WMS-B
(Fig. 15D,E,G). During this period, the Marmara
Basin started to evolve superimposed on the
GMS-B (Fig. 4). Simultaneously, some of the
right-lateral faults with thrust components devel-
oped on the negative flower structure by the GFZ.

While the Eastern Marmara part of the NAFZ
progressed westward, EMR started to uplift and
rotate clockwise (Fig. 15E-J). While westward es-
cape of the Anatolian Block resulted compres-
sional forces on the eastern and central Marmara
ridges, causing their uplift, some thrusts oriented
45° oblique to the master fault were developed in
the western Marmara area. Meanwhile in the
southern Marmara region the Imrali Sub-basin,
together with the EMS-B, continued its evolution
in front of the TEF segment which was reacti-
vated as a normal fault (Fig. 15B-J).

Another important feature revealed by the pal-
inspastic maps is the degree of the north-south
extension. During the last 2.5 Ma, the southern
coast of the Marmara Sea separated from the
northern coast 2 km in north-south direction
and 42 km in west-east direction, implying that
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the dominant movement responsible for the evo-
lution of the Marmara Sea is strike-slip.

9. Discussion

All models proposed for the evolution of the
Marmara Sea are largely based on marine seismic
profiles, with limited land data (Barka and Ka-
dinky-Cade, 1988; Wong et al., 1995; Ergiin
and Ozel, 1995; Barka, 1992; Parke et al., 1999;
Siyako et al., 2000; Okay et al., 2000; Le Pichon
et al., 1999; Aksu et al., 2000; Imren et al., 2001).
Thus, these studies failed to provide a comprehen-
sive tectonic model for the evolution of the Mar-
mara region. The common point of these studies
is the assumption that the NAFZ is an unique
element responsible for the development of struc-
tures in the Marmara region. Yaltirak (2000b)
showed that faults on land that are older than
NAFZ, such as the TEFZ, GFZ, BBFZ, and
MEFZ, were active in the western Marmara
area as early as the early Miocene, and that basins
formed in relationship to these faults shaped the
area before the NAFZ, or the ‘neotectonic period’
as defined by Seng6r (1980). This early neotecton-
ic period includes the evolution of the TEFZ and
its splays and the development of Northwest Ana-
tolia in early Miocene—early Pliocene to Recent
times. The suggestion of Peringek (1991) that
the TEFZ was the continuation of the NAFZ
requires an impossible kinematic model, requiring
the 45° clockwise rotation of the Anatolian Block
to trend northward. Paleomagnetic data on
Thrace giving counterclockwise rotations do not
support this interpretation (Tapirdamaz and Yal-
tirak, 1997). Similarly, the TTT-triple junction
model proposed by Okay et al. (2000), correlating
the evolution of the northwest—southeast-trending
inactive strike-slip faults on the Thrace with the
NAFZ, also poses a kinematic impossibility. Here
the central block in the Marmara Sea is proposed
to escape westward. The westward escape of the
Anatolian Block does not require the north and
south branches of the NAFZ, particularly in the
presence of the GFZ. If this model were true, an
northeast—southwest extension would be needed
on the Thrace-Eskisehir Fault Zone, which

should also display as much offset as that ob-
served on the NAFZ. However, seismic reflection
profiles from Thrace does not show the presence
of a deep graben structure filled with young sedi-
ments (Peringek, 1991), thus does not corroborate
with this interpretation. The gravity, magnetic
and seismic data as well as detailed field studies
clearly document that the Thrace-Eskisehir Fault
Zone in Thrace and Anatolia is a a huge structure
that was not created by the NAFZ.

The age of the North Anatolian Fault has been
discussed by many researchers (Ketin, 1948, 1969;
McKenzie, 1972; Sengdér, 1979; Barka, 1992;
Barka et al., 2000; Barka and Kadinky-Cade,
1988; Kogyigit, 1988, 1989, 1991; Saroglu,
1988; Toprak, 1988; Barka and Giilen, 1989;
Bozkurt and Kogyigit, 1996; Yaltirak, 1996;
Okay et al., 1999, 2000; Tiiysiiz et al., 1998; Yal-
tirak et al., 2000a,b, 1998). Some of the recent
studies proposed that it has been active for the
last 5 Ma (Kogyigit, 1988, 1989, 1991; Saroglu,
1988; Toprak, 1988; Bozkurt and Kogyigit, 1996;
Yaltirak, 1996; Tiiysiiz et al., 1998). However
stratigraphic studies around the Marmara Sea re-
gion suggest an age of 3.5 Ma (Yaltirak et al.,
1998; 2000a,b; Saking et al., 1999; Alpar and
Yaltirak, 2002; Yaltirak and Alpar, 2002a,b).
This younger age is corroborated by the argu-
ments put forward in this study; e.g. the relation
between the TEFZ and NAFZ, regional stratigra-
phy, palinspastic maps reconstructed from devel-
opment history of the sub-basins. The initiation
of the NAFZ is ultimately related to the near-
constant opening of the Red Sea and the Gulf
of Aden during the last 4 Ma (Chu and Gordon,
1998 ; Dauteuil et al., 2000). In addition, the stud-
ies on the Dead Sea Fault in Syria indicated that
the Ghab Basin started its evolution in Early Plio-
cene (4.5 Ma) (Brew et al., 2001). The ~4-Ma
age is probably the maximum age for the NAFZ
at its easternmost termination: we expect that it is
younger in western Anatolia. For example, Unay
et al. (2001) obtained an age of late Pliocene
(2 Ma) from deposits in front of a normal fault
with dextral oblique component placed between
the two strands of the North Anatolian Fault
(see also Fig. 14; the northwest-southeast-ori-
ented fault between Sapanca and Mudurnu).
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This late Pliocene age implies that the faults
oblique to the North Anatolian Fault are younger
than the main system and the basins along the
North Anatolian Fault and its surrounding are
also younger than 3.5 Ma.

During the last 3.5 Ma the NAFZ reactivated
some of the northwest-southeast-trending older
faults associated with TEFZ in Northwest Anato-
lia, by inverting them as normal faults, causing
the development of several basins. Several young
basins developed associated with the NAFZ be-
came superimposed with these older basins. The
structures observed on the marine seismic data
illustrate this superimposed geological history.

It is necessary to distinguish the structures west
and east of the EMR. The western and central
Marmara regions are characterised by a negative
flower structure. The EMR was formed as the
northern strand of the NAFZ crossed the south-
ern boundary of the EMT to the GFZ to the
north. It is believed that faults interpreted as
two separate segments by Okay et al. (2000) and
Siyako et al. (2000) south and north of the EMR
must be connected by a master at depth. Because
the focal depths of the earthquakes along the
NAFZ occur at ~10-20 km, the deep faults in-
terpreted as separate segments by Okay et al.
(2000) and Siyako et al. (2000) south and north
of the EMR probably correspond to a single
buried master fault. Although in principle the sin-
gle fault models proposed by Le Pichon et al.
(1999), Aksu et al. (2000), and Imren et al.
(2001) are correct, but incomplete because they
do not take into account the structures associated
with the early and late neotectonic periods. In the
en echelon fault models Parke et al. (1999), Okay
et al. (2000) and Siyako et al. (2000) explain the
kinematic evolution of the region by a series of
separate fault segments. But, they ignore that nar-
rowing amount between the segments would be

much higher in case the fault activates in seg-
ments.

The lateral offset along the North Anatolian
Fault varies between 20 and 85 km (e.g. Ketin,
1948, 1969; Sengor, 1979; Sengor et al., 1985;
Armijo et al., 1999; Bozkurt, 2001). In this study,
the offset along the North Anatolian Fault is cal-
culated as 75-78 km.

10. Conclusion

The Marmara region is a superimposed struc-
ture, which was formed by two different fault sys-
tems during two different periods. These struc-
tures are the TEFZ and its splays in the early
neotectonic period and the NAFZ and its strands
in the late neotectonic period. The total offset of
the NAFZ in the Marmara Sea is ~75-78 km.

During its westward escape at 22 mm per yr,
the Anatolian Block causes 59, 7-8, and 10-11 km
lateral offsets on the northern, middle, and south-
ern strands of the NAFZ, respectively. The ratios
of the westward escape of the Anatolian Block are
77, 9, and 14% along the northern strand, middle,
and southern branches, respectively. The NAFNS
is an almost east-west-trending arc-shaped fault
which is buried only under the EMR. Westward,
it reaches to the Gulf of Saros via the GFZ. The
middle strand changes its westward trend by
bending southward at Bandirma. On these areas,
it has thrust component and right-lateral charac-
ter. The M-UB developed on the extensional re-
gion caused by the southward bending of the
southern strand at Manyas. While the Yenisehir
Basin opens as a typical pull-apart basin due to
northeast-southwest extensional regime, the M-
UB opens due to the north-south extensional re-
gime, because the Balikesir-Bursa Block to its
south escapes southward. The fault plane solu-

Fig. 15. Palinspastic palacogeographic reconstruction maps showing Plio-Quaternary tectonic evolution of the Marmara region.
The palinspastic maps have been prepared for every 500000 yr on the basis of regional GPS vectors given by Straub et al.
(1997). (Fig. 10 shows GPS vector.) The city of Istanbul was held constant and each block was reconstructed backward on the
basis of the boundary faults and GPS vectors. Abbreviations: IKB, Istanbul-Kocaeli Block; TB, Thrace Block; TKB, Thrace—
Kocaeli Block; MB, Marmara Block; EMB, Edremit-Manyas Block; BBB, Bursa-Balikesir Block; TEFZ, Thrace-Eskisehir
Fault Zone; GFZ, Ganos Fault Zone; BBFZ, Bandirma-Behramkale Fault Zone; MEFZ, Manyas-Edremit Fault Zone; NAF,

North Anatolian Faults
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tions obtained in the Marmara Sea region are in
good agreement with the faults proposed in this
study.

All of the basins in the Marmara region opened
by the NAFZ have the features of the early neo-
tectonic period. Therefore, even while each of
these basins opened due to different tectonic pro-
cesses, they are consistent with each other within
the frame of the regional tectonic picture. The
pull-apart geometry of the Gemlik and Yenisehir
Basins show different features. It is not possible to
suggest that a north-south extensional regime ex-
isted in the Marmara region just looking to the
features of the Uluabat-Manyas Basin. In addi-
tion, one can not interpret NE-SW trending
strike-slip faults similarly just looking to the fea-
tures of the Yenisehir Basin or one cannot claim
compression just looking to the compressional
areas where the middle and southern strands of
the NAFZ bend southward.

The shaping of the Marmara Sea is still con-
tinuing under the compressional forces in the
Western Marmara (Gelibolu-Biga Peninsula)
caused by to northwest-southeast right-lateral
shearing mechanism and the north-south exten-
sional forces between Bandirma and Bursa. The
ridges and compressional troughs in the central
Marmara Sea developed due to the jumps be-
tween the fault segments. The normal faults
bounding the Marmara shelves, which started
their activities in the early neotectonic period
and are also known as the northern and southern
boundary faults, can be still active as normal
faults due to existing rotational extensions (1-
2 km) between the blocks.

It is impossible to relate all of the structures
in the Marmara Sea region to the NAFZ genet-
ically and to assume that the North Anatolian
Fault created everything. As a result, the pro-
posed evolution models are forced to define the
evolution of the region by the same tectonic re-
gime. The main result of this study is a new syn-
thesis based on the combination of data presented
in previous works. Therefore, this synthesis con-
firms all of the data presented in previous works,
but it does not confirm all of the previous tectonic
models proposed for the evolution of the Mar-
mara Sea.
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