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Recent scientific investigations have revealed the deep structure and fault mechanisms in the Marmara Sea and
surroundings. However, magnetic and gravity anomalies display interesting features which were not resolved in
detail. In this paper, simple two-dimensional magnetic and gravity models are constructed utilizing parameters
such as the density contrast and susceptibilities obtained from a borehole, seismic sections and field susceptibility
measurements, respectively. The gravity model shows the existence of horst-like structures, as suggested
previously. The top of the magnetic bodies in the Marmara Sea is close to the sea bottom. In general, these
magnetic bodies are fault-related. The gravity model complies with the seismic base map, which was constructed
previously. The magnetic anomalies of anomalous regions of the Cinarcik and Western Basins demonstrate slight
anticlockwise block rotations, while large anticlockwise block rotation is observed in the eastern extremity of
the Marmara Sea. Geophysical data and modeling results suggest that the origin and evaluation of the Marmara
Sea began with the possibility of emplacement of horst-like structures in the Central Ridge during the Palaeozoic
or earlier followed by block rotations and intrusion of the magnetic material into the upper crust with sediment
deposition and faulting. It can also be suggested that the horst-like structures in the central Marmara act to diffuse
the propagation of the Northern Boundary Fault (NBF). This aspect is correlated with the focal mechanisms of

the major earthquakes.

Key words: Marmara Sea, geophysical data, tectonic interpretation, block rotations.

1. Introduction

It is generally accepted that the Anatolian crust is extend-
ing in response to forces exerted on it by subduction of the
African plate beneath its southern margin. Southwestward
movement of the Anatolian plate in this area is also caused
by this subduction (Meijer and Wortel, 1997).

Barka and Kadinsky-Cade (1998), Imren et al. (2001)
and Demirbag et al. (2003) attempted to resolve the deep
structure of the Marmara Sea by seismological and seis-
mic data. These researchers named the fault at the centre
of the Marmara Sea as the main Marmara fault and stud-
ied this fault by using deep towed seismic data. However,
the penetration of their data was not enough to obtain deep
structural information. A simplified tectonic map is given
in Fig. 1. The north of the Marmara Sea, which is called
“the Istanbul Zone”, is constituted of rigid block. Ates et
al. (2003) studied the deep structure of the Marmara region
utilizing aeromagnetic, seismic and gravity data. They pro-
posed a basement map for the Tertiary base and a fault map
constructed by the seismic, aeromagnetic and surface ob-
servations. It was also suggested that a rigid block situated
at the dorsal zone acting as a restraining bent a key fac-
tor determining earthquakes in the Marmara Sea and sur-
roundings. Baris et al. (2005) studied the three-dimensional
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structure of V,, V, and V,,/ V; in the upper crust of the Mar-
mara region NW Turkey. Their seismic findings were in
line with the gravity and magnetic anomaly profiles previ-
ously described by Ates et al. (2003). Aktar et al. (2004)
found high b-values at asperity, indicating that the crustal
material had been severely crushed due to high slip dur-
ing the main shock rupture of the Izmit earthquake on 17
August 1999. High b-values also indicate reactivation of
highly fractured zones due to this major earthquake. After-
shocks are not directly related to the main shock, and there
is a possibility of trapped fluids in small fractures. Muller
and Aydin (2004) predicted possibility of future ruptures
in the Sea of Marmara suggesting potential ruptures along
the Yalova and Armutlu faults shown in Fig. 1. They also
suggested a potential rupture line to the west of the 1999
Izmit earthquake along the E-W direction. Their sugges-
tions were based on regional stress field orientation. Sato
et al. (2004) studied the microearthquake seismicity and fo-
cal mechanisms of the Sea of Marmara using ocean bottom
seismometers (OBSs). It was observed that the microseis-
micity mainly occurred along a major fault described as the
Main Marmara Fault (MMF). Focal depth distribution was
shallower than 20 km along the western part of the MMF
and shallower than 15 km along its eastern part. Oncel and
Wilson (2006) recently evaluated the earthquake potential
along the North Anatolian Fault (NAF) Zone in the Mar-
mara Sea using a comparison of GPS strain and tectonic
parameters. They also suggested that the NBF serves as
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Fig. 1. Location and tectonic maps of the study region. Doted square in the location map shows the study area, MS and IZ are the Marmara Sea and
Istanbul Zone, respectively. Main tectonic features of the Sea area of the Marmara region are modified from Ates et al. (2003). Solid lines m1, m2
and m3 are aeromagnetic anomaly profiles. gl is the marine Bouguer anomaly profile. WTF: Western Transform Fault, CTF: Cinarcik Transform
Fault, NBF: Northern Boundary Normal Fault, SBF: Southern Boundary Fault, IF: Imrali Fault, YF: Yalova Fault, AF: Armutlu Fault, M-1: Location
of Marmara-1 borehole. X signs show the susceptibility measurements taken regions.

an impediment to transfer the strain from east to west due
to a bend situated there. In this paper, we provide simple
two-dimensional magnetic and gravity models of the deep
structure of the Marmara Sea using density and suscepti-
bility data as parameters. The density data were obtained
from seismic velocities and borehole sonic logs (Ates et
al.,2003). The two-dimensional models provide further de-
tailed information on the deep structure of the Marmara Sea.
Magnetic models appear to be fault related and intercalated
with sediments. The gravity model shows restraining bents
(horsts) in the centre of the Marmara Sea along the NBF,
as also depicted by Oncel and Wilson (2006). An advanced
method, which was developed by Bilim and Ates (2007) to
determine the remanent magnetization effect on rotations,
was applied to the parts of the North Marmara Sea anomaly;
the results suggest anticlockwise rotations of the Anatolian
Block against the Eurasian Block in the north, while the
western and central parts of the Marmara Sea show slight
anticlockwise rotation, and the easternmost section shows
large anticlockwise rotation.

Focal mechanisms of major earthquakes adopted from
Ambraseys and Jackson (2000) can not easily be correlated
with the Central Ridge horst defined earlier as the restrain-
ing bent.

2. Geodynamic Setting
The geodynamic setting of the Marmara region is char-
acterized by the NAF Zone. The right lateral movement

of the NAF was initiated in the eastern Anatolia during the
Late Miocene and propagated westward reaching the Mar-
mara Sea region during Pliocene (Sengor, 1979). The NAF
runs along the Intra-Pontide Suture zone and forms with
the Tethyan ocean closure. The NAF splits into several
branches in and around the Marmara Sea region because
of complexity of the crustal structures.

In the region, there are high-amplitude magnetic anoma-
lies with complex shapes (Ates et al., 1999). One of them
has a striking shape with its EW elongation at the north of
the Marmara Sea (Ates et al., 2003).

3. Magnetic, Gravity and Seismic Data

Aeromagnetic anomalies of the Marmara Sea was low-
pass filtered using the cut-off frequency of 0.16 km~!. The
low-pass filtered aeromagnetic anomaly map is given in
Fig. 2. Low-pass filtering suppresses near surface small-
sized magnetic bodies and enhances deeper magnetized
bodies. The Northern Marmara Sea displays E-W elongated
magnetic anomaly with a length of more than 150 km ex-
tending along the E-W direction. This interesting anomaly
separates into three regions (blocks shown in Fig. 1: B1, B2
and B3) based on the shapes of the anomalies.

Magnetic data described by Ates et al. (2003) were re-
stricted to the sea area of the Marmara region, and profiles
were taken along the m1, m2 and m3 directions. Profile gl
corresponds to the marine Bouguer anomaly profiles of 111
of Ates et al. (2003). Locations of profiles m1 (AA’) and
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Fig. 3. Fault map of the Marmara Sea simplified from Ates et al. (2003). Contours are two-way travel time in milliseconds. (i) and (ii) are the seismic
lines hatched from Ates et al. (2003), m1 is the magnetic profile along the AA’ direction, gl is the gravity anomaly profile along the DD’ direction.
GF: Ganos Fault, WTF: Western Transform Fault, CTF: Cinarcik Transform Fault, NBF: Northern Boundary Fault, SBF: Southern Boundary Fault,

IF: Imrali Fault.

gl (DD’) are also shown on a fault map that was previously
constructed by Ates et al. (2003) (Fig. 3).

Two seismic profiles were taken from Ates et al. (2003)
in order to construct a magnetic model in the western part of
the Marmara Sea (profile m1). Since the magnetic anoma-
lies are fault related, spaces between the faults in the seis-
mic sections are annotated. These annotated seismic sec-
tions are shown in Figs. 4 and 5.

4. Density and Susceptibility Data

Velocity information was obtained from a sonic log taken
in the Marmara-1 (M-1) borehole. Velocities in this log are
4600 and 3050 m s~! for the Mesozoic and Miocene forma-
tions, respectively. The base of the Miocene or top of the
Mesozoic formations is 1900 m s~! TWT below sea level
(Ates et al., 2003). An average velocity of 3825 m s~!
was obtained from this borehole. The depth below 4 s
can be considered to be the basement. Thus, the inter-
val velocities obtained from seismic sections can be as-
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Fig. 6.
Camiduzu region.

A photograph showing the magnetized outcrops around the

signed to approximately to 6000 m s~! for the basement.
We used the density-velocity relationship of Ludwig et al.
(1970) to convert approximate RMS velocity in Tertiary
basin and interval velocity of the basement. Velocities of
3825 and 6000 m s~! correspond to densities of 2.3 and
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2.7 glem? (Ludwig et al., 1970). Thus, a density contrast
of —0.4 g/cm? can be obtained for the basin with respect to
the basement.

Susceptibility measurements were taken from the field
using a SCINTREX kappameter KT-6. The measurements
were concentrated outcrops of the anomalous regions. For
this reason, field measurements were taken over the three
regions denoted by X signs in Fig. 1. These locations
are known as the Cavusbasi (41°5.5'N, 29°9.5'E) and Bal-
cik (40°53'N, 29°24’E) granitoids and the Camiduzu re-
gion (40°39.5'N, 29°57.5'E). The maximum susceptibility
of 0.00315 cgs was measured from the Camiduzu region.
Magnetized outcrops are shown in a photograph (Fig. 6).

5. Magnetic and Gravity Modeling

Here, we present simple two-dimensional models of
magnetic and gravity anomaly profiles of the Marmara Sea
using the density data obtained from the seismic velocities
and the susceptibility data obtained from the field.

Magnetic profile m1 (Fig. 7(a)) passes along the widest
part of the anomaly of the Marmara Sea. The top of the
magnetic body is located at the sea bottom. The bottom of
the body extends down to the Curie point depth, estimated
to be 14.5 km from surface (Ates et al., 2003). Magnetic
profile m2 (Fig. 7(b)) passes along the sharp and narrow part
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Fig. 7. (a, b, c) Magnetic models constructed along profiles m1, m2 and m3, respectively. The susceptibility of the magnetized bodies is 0.00315 cgs
(SI). (d) Gravity model constructed along profile gl. Densities of the basement and sedimentary units are shown. IF: Imrali Fault, NBF: Northern

Boundary Fault.

of the anomaly and, therefore, the causative body appears to
be shallow. A dyke-shaped body with its top at the sea bot-
tom was used to provide the best fit with the calculated and
observed anomaly profiles. Magnetic profile m3 (Fig. 7(c))

is located at the eastern edge of the Marmara Sea where the
magnetic body tends to turn north towards Black Sea. A
dyke-shaped body with its top at the sea bottom (Fig. 7(c))
was used to provide the best fit with the calculated and ob-



174

Gravity anomaly (mGal)

s Distance (km)

A. ATES et al.: A TECTONIC INTERPRETATION OF THE MARMARA SEA FROM GEOPHYSICAL DATA

Depth (km)

Fig. 7. (continued).

served anomaly profiles. In the magnetic models of profiles
ml and m2, the bottom of the bodies was extended down
to the Curie point depth of 14.5 km estimated from spectral
analysis (Ates et al., 2003), and the width of the bodies was
kept as wide as inferred from the seismic sections (Figs. 4
and 5). Magnetic bodies associated with faults were shown
by Tuncer et al. (1991) and Ates et al. (2003).

Gravity model along profile g1 is constructed using sedi-
ment thicknesses obtained from seismic profiles. The fore-
mentioned density contrast of —0.4 g/cm® was used be-
tween the basement and the sedimentary units (Fig. 7(d)).

6. Block Rotations

The dipolar source body in northern hemisphere exhibits
magnetic anomaly, with a positive peak in the south and
a smaller negative peak in the north. If there is a rema-
nent magnetization in the body, the orientation of magnetic
anomaly may be different than this orientation. Such distor-
tions can be observed from low-pass filtered acromagnetic
anomalies (Fig. 2). Shape analysis suggests that almost all
of the anomalies have a total magnetization direction differ-
ing from the induced one. Anomalies with similar charac-
teristics have been reported from the Italian region by Fedi
et al. (1991, 1996). These authors suggested dominant ef-
fects from remanent magnetization and that the regions in-
vestigated had experienced rotations in different directions.

Bilim and Ates (2004) suggested an improved method
to determine the magnetization direction from pseudograv-
ity and gravity anomalies of their work (Bilim and Ates,
1999). For the latter, they used Meyer’s (1965) correlation
coefficient equation (r) to enhance their previous method.
Recently, Bilim and Ates (2007) estimated the magnetiza-
tion direction using only magnetic anomalies. Their method
was similar to the Roest and Pilkington (1993) algorithm in
which the analytic signal was correlated with the horizontal
gradient anomalies. Bilim and Ates (2007) used Meyer’s
(1965) correlation coefficient equation (r) to correlate the

analytic signal and horizontal gradient anomalies. Magnetic
anomalies shown at the northern Marmara Sea were divided
into three parts from west to east, as shown in Fig. 1. The
method described by Bilim and Ates (2007) to estimate the
direction of body magnetization was applied to magnetic
anomalies of the three regions shown in Figs. 8(a), 9(a) and
10(a). Correlation graphics of these regions are given in
Figs. 8(b), 9(b) and 10(b). The estimated declination of the
magnetization angles of the three regions from west to east
are —5°, —6° and —68°. This would mean that the two re-
gions in the west (Blocks 1 and 2) rotated slightly in an an-
ticlockwise direction and that the region in the east (Block
3) largely rotated in an anticlockwise direction. The cen-
tral dorsal zone described by Ates er al. (2003) acted as
a restraining bent to prevent the western region from rota-
tion. Block 3 was severely affected by the anticlockwise
rotation. Estimated inclinations of the magnetization an-
gles of the three regions west to east are 48°, 40° and 50°.
These estimated inclination of magnetizations are slightly
low compared to the inclination angle of the present geo-
magnetic field in the region. This would imply that these
regions gained their magnetization when Turkey was at low
latitudes.

7. Discussion and Conclusion

In the north of the Marmara Sea aeromagnetic anomaly
displays an E-W elongation with high intensity and appears
to be connected to the Black Sea in the east. This anomaly
appears to be caused by wide and shallow magnetized bod-
ies. Using the constraints obtained by seismic analysis,
we have modeled aeromagnetic anomaly profiles m1 and
m?2 (Fig. 2). Aeromagnetic anomalies of profile m2 were
modeled by a vertical dyke (Fig. 7(b)). These magnetized
dykes are the magnetic material filling inside the fault zones
of the northern boundary of normal faults (NBF) (Fig. 1).
One more aeromagnetic profile was taken along line m3, as
shown in Fig. 1, to provide further control to the depth of
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Fig. 8. (a) Aeromagnetic anomalies of region B1 shown in Fig. 2. (b) Contour map of the correlation coefficient (r) for the estimated magnetization
angles of declination and inclination. X denotes the declination and inclination angles of —5° and 48°, respectively.
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Fig. 9. (a) Aeromagnetic anomalies of region B2 shown in Fig. 3. (b) Contour map of the correlation coefficient (r) for the estimated magnetization
angles of declination and inclination. X denotes the declination and inclination angles of —6° and 40°, respectively.

magnetized body. A dyke-like model is observed in pro-
file m3 (Fig. 7(c)). The widths of the dykes were chosen
as thick as observed from the seismic sections (Ates et al.,
2003). In all cases the susceptibilities of the models were
taken as 0.00315 cgs (SI), as measured from the field. The
bottom depths of all three models are approximately be-
tween 14 and 15 km. This finding is in agreement with
the shallow Curie depth of the Sea of Marmara calculated
by Ates et al. (2003).

Bouguer anomaly profile 1 passes through the east of
the Central Ridge (shown in Fig. 11) described by Ates
et al. (2003), which separates the Western and Cinarcik
Basins. Two basement high structures can be seen along
this profile. These basin highs are delimited with normal
faults and can be described as horst-like structures inside

the main Marmara Sea normal faults (NBF and SBF). In
the Central Ridge horst area (Fig. 11), magnetic anomaly
is observed in the north and thus is related to the North-
ern Boundary Fault (NBF). The horst-like Central Ridge
is non-magnetic, and the deep-seated E-W elongated mag-
netic anomaly becomes weak in terms of amplitude and size
in this area. Thus, the emplacement of the Central Ridge
horst must be older than the magnetic material. A similar
Palaeozoic/Precambrian(?) horst can be seen in the south
of England along the Mendip Hills, emplaced into the up-
per crust (Ates and Kearey, 1993). The model of the grav-
ity anomaly profile g1 (Fig. 7(d)) was constructed with the
help of previously interpreted seismic sections (Ates et al.,
2003).

The available focal mechanisms of the major earthquakes
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Fig. 10. (a) Aeromagnetic anomalies of region B3 shown in Fig. 3. (b) Contour map of the correlation coefficient (r) for the estimated magnetization
angles of declination and inclination. X shows the declination and inclination angles of —68° and 50°, respectively.
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Fig. 11. Block rotations deduced from the magnetic interpretation, IZ: Istanbul Zone, CRH: Central Ridge Horst. Focal mechanisms of large earthquakes

are adapted from Ambraseys and Jackson (2000).

obtained from Ambraseys and Jackson (2000) were placed
in Fig. 11 to monitor the correlation along the faults and
to comprehend the tectonic evolution of the region. The
absence of a major earthquake can be observed along the
Central Ridge Horst.

Low-pass filtered aeromagnetic anomalies of three se-
lected regions in the central Marmara Sea were analyzed
to estimate the direction of remanence utilizing a method
developed by Bilim and Ates (2007). Small anticlockwise
rotations were estimated in Blocks 1 and 2. Block rotations
were obtained at Blocks B1, B2 and B3 along WTF and
CTF with different angles. The reason for this is the behav-
ior of the Central Ridge: it acts as a barrier and prevents the
rotational movement on the WTF. In the east, Block 3 ro-
tated largely in an anticlockwise direction, and this can be

realized by a discontinuity between Blocks 2 and 3 (Fig. 1).
This tectonic discontinuity between zones 2 and 3 was also
deduced by the interpretation of seismic sections. It was
shown by Ates et al. (2003) that the close examination of
sections at the Gulf of Izmit reveals an unexpected discon-
tinuity in the orientation of the northern and southern NAFs.
Geologically, it appears to be associated with the SW exten-
sion of the Princes Islands palaeohigh.

The low degree of inclination of body magnetization is
evidence of the northwards drift of the region. The north-
wards drift of the continents is well documented in the mo-
bilistic principle of Storetvedt (2003). The anticlockwise
rotation of Anatolia against the stable Eurasian Plate is pre-
sented by GPS measurements (McClusky et al., 2000). The
E-W elongation of the aeromagnetic anomaly of the cen-
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tral Marmara Sea is consistent with the mobilistic system
of Storetvedt (2003). There is a similar barrier to the east
of the study area in land known as the “Almacik Flake”
(Saribudak et al., 1990). The estimated inclinations of mag-
netization are low compared to the inclination angle of the
present geomagnetic filed in the region. This would imply
that these regions gained their magnetization when Turkey
was at low latitudes. The inclination of the magnetization
angle of Block 3 is about 13—14° lower than that of Blocks
I and 2. It is possible that Block 3 was rotated along the
horizontal axis. A similar result was obtained by the palaeo-
magnetic works of Michel et al. (1995) in the land area to
the east of the Marmara Sea.

As a result of this work, the geodynamic evolution of
the Marmara region can be proposed: (1) emplacement of
the Central Ridge horst during Palaeozoic/Precambrian? (2)
block rotations; (3) intrusion of the magnetic material and
sediment deposition. The presence of the Central Ridge
horst appears to diffuse the propagation of the NBF and
SBF towards the west, and this was also suggested by Ates
et al. (2003) and Oncel and Wilson (2006). Palaeozoic
formations of Istanbul have similarities to the Central Ridge
horst. There is a possibility that the Palacozoic formation of
Istanbul was detached from the Central Ridge horst by the
dextral strike slip of the North Anatolian Fault. However,
this matter needs further investigation to be proved.
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