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INVESTIGATION OF RHEOLOGICAL IMPLICATIONS OF THE
CRUSTAL REFLECTIVITY IN THE SEA OF MARMARA

SUMMARY

The Sea of Marmara (northwest Turkey) is a marine basin, which is situated at the
western termination of the right lateral strike slip North Anatolian Fault Zone
(NAFZ), as a transition area from strike slip regime of the NAFZ to extensional
regime of Aegean. Due to its complicated structure, it has been focus of earth
scientists especially, after two devastating 1999 earthquakes (Mw=7.4, izmit;
Mw=7.2, Diizce). In spite of numerous geological and geophysical surveys, there is
still debate related to the detailed crustal and mantle structure, tectonic history and
active tectonics of the region. In this thesis, rheological models of the crust and
mantle beneath the three main basins of the Sea of Marmara (the Tekirdag, the
Central and the Cinarcik Basins) based on multi-channel deep seismic reflection and
teleseismic earthquake data are investigated. Present results of Pn velocity and
anisotropy, GPS, heat flow studies are used to provide additional constraints for the
derived rheological models.

All of the marine seismic reflection data acquired in the Sea of Marmara until 2001
were shallow data. The first deep seismic reflection data of the Sea of Marmara were
acquired in a multidisciplinary project, the SEISMARMARA. The project was a
combination of seismic refraction, deep seismic reflection and OBS studies.
SEISMARMARA project was conducted with the collaboration of Turkish and
French Teams in July-October 2001. French N/O Le Nadir acquired 4000 km of
multi-channel seismic reflection data using a 4.5 km long streamer with 360
channels. As a source, 8100 cu.in. and 2900 cu.in. single-bubble mode 12-air gun
array was used. Survey consisted of two parts: Leg 1 with 45 seismic profiles
crossing the whole northern Sea of Marmara and Leg 2 with a dense grid of seismic
profiles (~2200 km with 600-900 m spacing) across the Cinarcik Basin and its
margins. Also 37 ocean bottom seismometers (OBS) and 30 land stations were
deployed to record regional earthquakes and airgun shots. In this thesis, selected
parts of 7 deep seismic reflection lines (~142 km); Line 11c and Line 22b in the
Tekirdag Basin; Line 11b and Line 40a in the Central Basin; Line 11a, Line 143 and
Line 130 in the Cinarcik Basin are processed.

EMSI-TUBITAK-MAM (Earth and Marine Sciences Institute of Scientific and
Technological Research Council of Turkey- Marmara Research Center) provided the
SEISMARMARA data used in the thesis. The data are processed in the Nezihi
Canitez Data Processing Laboratory of Istanbul Technical University using Disco-
Focus data processing package running on a Sun-Solaris platform. Main seismic data
processing steps applied to the data are as follows:

e Data editing,
e Mute,
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e Shot-receiver statics correction,

e Gain (spherical divergence),

e Band-pass filtering,

e f-k filtering,

e Geometry definition,

e Sort,

e Velocity analysis,

e Normal move-out (NMO) correction,
e Stack,

e f-k filtering,

e Mute,

e Attribute analysis (reflection strength).

Lower crustal seismic reflections are significant on Line 11b (the Central Basin) and
Line 11a (the Cimarcik Basin). Beneath the Tekirdag Basin (Line 11c¢), the base of
the lower crustal reflections is only identified around 7 s twt on the western part of
the section, where reflections from the western slopes of the basin are not severe. On
the stack section of Line 11b (the Central Basin), the base of lower crustal reflections
is around 7-8 s twt. Nature of lower crustal reflections change beneath the Cinarcik
Basin (Line 1la). They are in the form of multiple-band seismic reflections
disappearing after 8 s twt.

Moho reflections exist on the stack section of the Line 22b (the Tekirdag Basin),
which are visible between 10-12 s twt as dipping reflections. Beneath the Central
Basin (Line 40a) similar dipping and discontinuous Moho reflections are
distinguishable after 9 s twt. No clear Moho reflections are visible on the seismic
stack sections of Line 143 and Line 130 (the Cinarcik Basin).

Deep seismic reflection patterns of Line 22b (the Tekirdag Basin) and Line 40a (the
Central Basin) might be correlated with the traces of the Intra-Pontid suture zone but
it is difficult to attain a definite conclusion without 3-D deep seismic reflection and
multi-disciplinary data.

In this thesis, the control of mantle processes upon deep crustal geologic features is
also investigated by studying shear wave anisotropy in the upper mantle. Teleseismic
earthquake data from selected ~450 events with magnitude greater than 5.0 and focal
depth greater than 100 km are analyzed to obtain the shear wave splitting parameters,
fast polarization direction (¢ °) and delay time (dt) in second. Automated Shear
Wave Splitting Analysis code Ass.f is used on Linux platform to calculate the
parameters. Obtained shear wave splitting parameters are correlated with the existing
results of Pn anisotropy and velocity studies since they convey information from the
upper levels of the mantle.

SKS anisotropy direction, which is analyzed for the east of the Sea of Marmara
(Sapas and Boztepe-Giiney, 2009), is not consistent with the results of Pn anisotropy
studies. For the west of the Sea of the Marmara, SKS, Pn anisotropy GPS and strain
directions are coherent. High Pn velocities, consistent strain, Pn and SKS anisotropy
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directions suggest a strong mantle for the western Sea of the Marmara beneath the
Tekirdag Basin. Correlated data indicates a weak mantle for the east of the Sea of
Marmara (The Cinarcik Basin) due to highly reflective lower crust and probably hot
region under extension beneath the basin, different GPS, SKS and Pn anisotropy
orientations, low Pn velocities and thinner crust. Differing strength of the mantle
requires two different rheological models to explain the mechanical behaviour of the
region. In the light of the classified parameters, investigated region is expressed in
terms of two different rheological models, cream brulee for the east (beneath the
Cinarcik Basin) and jelly sandwich for the west of the Sea of Marmara (beneath the
Tekirdag Basin) considering the fact that rheology and deformation mechanisms may
vary over short spatial (shear zone) scales. The Central Basin reflects the features of
a transition area with moderate physical parameters evaluated in the comparison of
the basins.

This study provides a rheological model for the three deep basins of the Sea of
Marmara based on the deep seismic and seismological data sets. Detailed heat flow,
magnetotelluric and gravity data focused in the Sea of Marmara would provide
improved rheological models of the crust and mantle beneath the Sea of Marmara in
the future.
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MARMARA DENIZiI’NDE KABUGA AiT YANSITILABILIRLIGIN
REOLOJIK BELIRTILERININ ARASTIRILMASI

OZET

Marmara Denizi (kuzeybat1 Tiirkiye) sag yanal atimli Kuzey Anadolu Fay Zonu’nun
bati ucunda yer alan ve Kuzey Anadolu Fay Zonu’nun dogrultu atim rejimi ile
Ege’nin gerilme rejimi arasinda gecis bolgesi niteliginde bulunan denizel bir
havzadir. Karmasik yapis1 nedeniyle bilim insanlarinin odak merkezi olan bolgeye
olan ilgi 1999 yilinda meydana gelen iki yikic1 depremin ardindan (Mw=7.4, Izmit;
Mw=7.2, Diizce) daha da artmistir. Yiriitillen birgok calisma bulunmasina ragmen,
bolgenin detayr kabuk ve manto yapisi, tektonik gegmisi ve aktif tektonigi ile ilgili
tartismalar stirmektedir. Bu tezde, Marmara Denizi’nin ii¢ ana havzasi olan Tekirdag,
Orta ve Cimarcik Havzalarinin altindaki kabuk ve mantoya ait reolojik modeller, ¢ok
kanalli sismik yansima verisi ve telesismik deprem verileri kullanilarak
arastirilmistir. Bolge i¢in mevcut bulunan Pn hizi ve anizotropisi, GPS ve 1s1 akisina
ilisgkin ¢alismalarin sonuglarindan da reolojik modellerin  olusturulmasinda
faydalanilmistir.

Marmara Denizi’nde 2001 yilina kadar toplanmis olan biitlin deniz sismik yansima
verileri s1g veriler olmuslardir. Marmara Denizi’nde ilk derin yansima verisi, ¢cok-
disiplinli bir proje olan SEISMARMARA projesi kapsaminda toplanmistir. Proje
sismik kirilma, derin sismik yansima ve OBS c¢alismalarindan olusmustur.
SEISMARMARA projesi Tiirk ve Fransiz ekiplerinin ortak ¢alismasiyla 2001 yilinin
Temmuz-Ekim aylar1 arasinda yiuritiilmiistiir. Fransiz Le Nadir gemisi ile 360
kanalli, 4.5 km uzunlugunda streamer kullanarak 4000 km boyunca c¢ok-kanalli
sismik yansima verisi toplanmistir. Kaynak olarak 8100 cu. in. ve 2900 cu. in. single-
bubble modundaki 12 hava tabancasi diizeni kullanilmistir. Calisma iki boliimden
olugsmustur: biitiin kuzey Marmara Denizi’ni kesen 45 sismik profili kapsayan birinci
asama ve Ciarcik Havzast ve smnirlar1 boyunca, yogun grid seklinde toplanmis
(600 =900 m aralikli yaklasik 2200 km) ikinci asama. Ayrica bolgesel depremleri ve
hava tabancas1 atislarin1 kaydetmek tizere, 37 okyanus tabani sismometresi (OBS) ve
30 kara istasyonu kurulmustur. Bu tez kapsaminda Tekirdag Havzasi iginde
toplanmis olan Hat 11c ve Hat 22 b, Orta Havzada toplanmis olan Hat 11b ve Hat
40a, Cimarcik Havzasi’nda toplanmis olan Hat 11a, Hat 143 ve Hat 130 dan olusan
(yaklasik 142 km) 7 derin sismik profilin se¢ilen kisimlari islenmistir.

Tezde kullanilan SEISMARMARA projesi verileri TUBITAK-MAM YDBAE
(Turkiye Bilimsel Arastirma Kurumu, Marmara Arastirma Merkezi, Yer ve Deniz
Bilimleri Arastirma Enstitiisii) tarafindan saglanmistir. Veriler, Istanbul Teknik
Universitesi Nezihi Canitez Veri Islem Laboratuarinda Sun-Solaris platformunda
calisan Disco-Focus veri islem paketi kullanilarak islenmistir. Uygulanan ana veri
islem adimlar izleyen sekildedir:

e Verilerin ayiklanmasi,

e Dogrudan ve kirilma atiglarinin giderilmesi,
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e Atig-alici statik diizeltmesi,

e Kazanc¢ uygulamasi (kiiresel agilima),

e Band geciren siizgecleme,

o fk filtresi,

e (Geometri tanimlanmasi,

e Atis diizeninden ortak yansima diizenine gegis,
e Hiz analizi,

e Dik yola kaydirma diizeltmesi,

e Yigma,
o F-k filtresi,
e Mute,

e Nitelik analizi (yansima giicii).

Hat 11b (Orta havza) ve Hat 1la (Cmarcik Havzasi) da belirgin alt kabuk
yansimalar1 gozlemlenmistir. Tekirdag Havzasi altinda (Hat 11c) alt kabuk
yansimalart sadece kesitin bat1 kisiminda havzanin dalan yamaclarindan gelen
yansimalarin etkisinin fazla olmadig1 7 s gidis-gelis zamaninda goriilmustiir. Alt
kabuk yansimalarinin tipi, Cinarcik Havzasi altinda degisim gostermektedir. Bu
bolgede alt kabuk yansimalari, 8 s gidis-gelis zamanindan sonra kaybolan, ¢cok
bantli sismik yansimalar seklinde gozlemlenmistir.

Hat 22b (Tekirdag Havzas1) ve Hat 40a (Orta Havza)’'nin islenmesiyle elde edilen
derin yansima paternleri Intra-Pontid siitur zonuyla iligkili olabilir. 3 boyutlu
derin sismik yansima verisi ve diger disiplinlerden veri olmaksizin bu iligkinin
kesinligi konusunda karara varmak giictiir.

Bu tez kapsaminda mantodaki jeodinamik stireclerin derin jeolojik yapilar
tizerindeki kontrolii de, tst mantodaki SKS ayrimlanmasi analizi ile
arastirtlmigtir. Biiyiikligii 5.0 den fazla ve odak derinligi 100 km’den biiyiik olan
yaklagik 450 deprem, kesme dalgasi ayrimlanmasi parametreleri olan hizli
polarlanma acgis1 (¢ °) ve gecikme zamanini (0t s) elde etmek {izere analiz
edilmistir. Elde edilen kesme dalgasi ayrimlanmasi parametreleri mantonun {ist
seviyelerinden bilgi tasiyan, mevcut Pn hizi ve anizotropisi calismalarinin
sonuclariyla iligkilendirilerek degerlendirilmistir.

Marmara Denizi’nin dogusu icin elde edilen SKS anizotropi dogrultusu, Pn
anizotropisi c¢aligmalarindan elde edilen sonuglarla uyumlu degildir. Marmara
Denizi’nin bat1 kismi i¢in, SKS, Pn anizotropisi, GPS ve yamulma dogrultulari
uyumludur. Iliskilendirilen veriler Marmara Denizi’nin dogu kismu igin (Cnarcik
Havzasi) yiiksek yansiticilik 6zelligi gosteren alt kabuk nedeniyle zayif
mantonun varligini ve farklit GPS, SKS, Pn anizotropi yonleri ile diisiik Pn hiz1 ve
incelen kabuk nedeniyle gerilme altindaki goreceli olarak sicak bir bolgeyi isaret
etmektedir. Manto giiclinde gozlemlenen degisim, bolgenin mekanik davraniginin
aciklanmasi i¢in iki farkli reolojik modelle agiklanmasini gerektirmektedir.
Smiflandirilan  fiziksel parametreler 1s18inda, reoloji ve deformasyon
mekanizmalarmin  kiiglik  Olgeklerde  degisebilecegi de g6z Oniinde
bulundurularak, arastirilan bolge, Marmara Denizi’nin dogusu (Cinarcik Havzasi)
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icin “cream brulee”, Marmara Denizi’nin batis1 (Tekirdag Havzasi) i¢cin “jelly
sandwich” olmak tizere iki farkli model ile tariflenmistir. Orta Havza
siniflandirilan fiziksel parametreler agisindan Tekirdag ve Cinarcik Havzalariyla
karsilastirilinca ortalama degerler gosterdigi igin, bir gecis bolgesi niteliginde
oldugu diistiniilmektedir.

Bu c¢alismada derin sismik yansima ve sismolojik veri setlerinin
degerlendirilmeisinden yola ¢ikilarak, Marmara Denizi’nin derin havzalar1 i¢in
bir reolojik model {retilmistir. Bolgede yapilacak detayli 1s1  akisi,
manyetotellurik ve gravite calismalari, Marmara Denizi’nin altindaki kabuk ve
mantoya reolojik modelin gelistirilmesine biiyiik katkida bulunacaktir.

XX1il



XX1V



1. INTRODUCTION

The Sea of Marmara is located in NW Turkey, which is a very unique region for
earth scientists due to its complicated and unresolved tectonic structure (Figure 1.1).
It is a transition zone between right lateral strike slip nature of the North Anatolian

Fault (NAF) and N-S extensional regime of the western Aegean region.

26° 28° 30° 32° 34° 36° 38’ 40° 42’

26° 28° 30° 32° 34° 36° 38° 40° 42°

Figure 1.1: TOPO (GTOPO-30) and bathy (USGS-NIMA) map of Turkey (Smith
and Sandwell, 1997). Abbreviations; NAF: North Anatolian Fault, EAF:
East Anatolian Fault.

Between 1939 and 1999, eleven major earthquakes with magnitude Mw > 6.7 have
occurred along 1200 km of NAF (Sengor et al., 2005). Especially after destructive
[zmit earthquake with magnitude Mw 7.4 (~70 km away from Istanbul), the number
of investigations related to the geometry of NAF in the Sea of Marmara increased.
Since the Sea of Marmara and Istanbul did not experience a large earthquake during
XX. century, it has been one of the exceptionally high earthquake risk areas in
Turkey (Ambraseys and Jackson, 2000; Parsons et al., 2000; Hubert-Ferrari et al.,
2002). Question mark still resides on the matter whether the deformation in the Sea

of Marmara could be accomodated on a single fault which is capable of generating



an earthquake with magnitude (Mw) 7.5-8 or on several smaller faults generating
earthquakes with magnitude (Mw) 6.5-7.0. Reilinger et al. (2006) suggested that the
evolution of Anatolia is associated with the roll back of the Hellenic-Cyprus Trench
and back arc extension in the Aegean Sea. Meade et al. (2002) reported that the
North Anatolian Fault Zone (NAFZ) in northwestern Turkey carries approximately
four times as much right-lateral motion (~24 mm/yr) as does the southern strand
based on the Global Positioning System (GPS) data. They suggested that both the
geometry of the strike-slip faulting in the shallow sedimentary layer and the
asymmetric loading along the fault in the Sea of Marmara are controlled by the
rheology of the crust. Studies of post seismic deformation following August 17,
1999, Izmit earthquake (Mw=7.4) showed that deep rheology differs depending on
the local lithosphere structure and tectonics (Hearn et al., 2002). The S-wave quality
factors (Qs =1/S-wave attenuation) estimated from the earthquake data for five
different regions in the Sea of Marmara ranging from 13+1 f '**% to 9443 f
0.8320.04

indicated that the regional differences in the rheology and the tectonic activity

of the crust exist (Horasan and Boztepe-Giiney, 2004).

In the study area, previous studies based on different data sets (seismology, gravity
and magnetic, heat flow, GPS) have been carried on. Objective of them were to
investigate the active tectonics and physics of the crust in the study area. The results
of those previous studies are summed up in the next sub-sections of this chapter to
establish a reliable basis for the interpretation of crustal rheology of the Sea of
Marmara. Proposed models for the tectonics and evolution of the Sea of Marmara are

adverted in the Chapter 2.

All of the marine seismic reflection data acquired in the Sea of Marmara until 2001
were shallow data. The first deep seismic reflection data of the Sea of Marmara were
acquired in a multidisciplinary project, the SEISMARMARA, which is a
combination of seismic refraction, deep seismic reflection and OBS studies.
SEISMARMARA was conducted with the collaboration of Turkish and French
Teams in July-October 2001. The objective of the project was; to investigate the
regional tectonics and the recent evolution of the area at crustal scale, to record local
earthquakes, to deduce a reliable velocity-depth model to improve the quality of

locations and focal mechanism solutions of earthquakes (Carton et al., 2007).



French N/O Le Nadir acquired 4000 km of multichannel deep seismic reflection data
using a 4.5 km long streamer with 360 channels. As the source, 8100 cu.in. and 2900
cu.in. single-bubble mode 12-air gun array was used. Seismic survey consisted of
two parts: Leg 1 with 45 profiles crossing the whole northern Sea of Marmara and
Leg 2 with a dense grid of lines (total ~2200 km with 600-900 km spacing) across
the Cinarcik Basin and its margins. Also 37 OBS were deployed and 30 land stations
were settled to record regional earthquakes and airgun shots. In the scope of this
thesis, short but deep lines from Leg 1 and Leg 2 are processed to reveal the deep
reflection patterns and rheological implications of those patterns from the three major
basins of the Sea of Marmara (the Tekirdag, the Central and the Cinarcik Basins) as
comparative to each other for the first time. Details of the applied method, data

processing steps and interpreted seismic sections are given in the Chapter 3.

Shear wave splitting method is used to investigate seismic anisotropy in the upper
mantle. It is one of the most widely used methods to relate the surface tectonic
processes and deformations with mantle dynamics. Deformations in the upper mantle
and the crust have influence on each other (Rudnick, 1996). Therefore it is benefited
while interpreting deep seismic reflection patterns of the crust and their rheological
implications since shear wave splitting assists to build a connection between the
upper mantle and the crust. SKS splitting analysis is performed for Istanbul
broad-band station (ISK) and compared with the results from Ankara (ANTO) and
Isparta (ISP) broad-band stations. Details and results of the analysis are given in the

Chapter 4.

In the Chapter 5, detailed interpretation of the processed seismic reflection data
provided. Different physical parameters from different methods (deep seismic
reflections, Pn and SKS anisotropy) for different levels of the crust and mantle are
used to derive the rheological models for the crust and the mantle beneath the Sea of
Marmara (Figure 1.2). Previously studied focal mechanism solutions, heat flow,
gravity-magnetic studies are also combined. The results of those studies are
classified for the Tekirdag Basin, the Central Basin and the Cinarcik Basin to provide
a basis for comparison. Rheological implications of the presented data are evaluated
together to build preliminary rheological models for the crust and the mantle beneath
the deep basins of the Sea of Marmara. Derived rheological models and

recommendations for related future studies are also provided in the thesis.
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Figure 1.2: Depth level classification of deep crustal reflections, SKS anisotropy and
Pn anisotropy with respect to the information they provide (Babuska and
Cara, 1991).

1.1 Velocity-Depth Models of the Sea of Marmara

Various studies were performed to deduce the crustal velocity structure of the Sea of
Marmara using different data sets and methods (Zor et al., 2006; Baris et al., 2005;
Al-Lazki et al., 2004; Karabulut et al., 2003; Nakamura et al., 2002; Horasan et al.,
2002; Giirbiiz et al., 1980; Crampin and Uger, 1975).

Baris et al. (2005) investigated 3D velocity structure of the upper crust of the Sea of
Marmara using first arrival times of selected 3949 earthquakes recorded between
1985 and 2002. They reported that the western part of the North Anatolian Fault
Zone showed strong lateral heterogeneity. They observed low P wave velocities in
the sedimentary units such as basins and plains. Low velocity zone in the central and
western parts of the Sea of Marmara was reported to continue to the depth of 15 km.
They observed one high velocity body at depth of 10 km at longitude 28.0° E. They
also estimated high velocities in the vicinity of south of Tekirdag. They suggested
that mafic rocks are characterized by high velocity, whereas sedimentary rocks are

characterized by low velocity.

Zor et al. (2006) investigated the crustal structure of the eastern Marmara region
using earthquake data from 11 broad-band stations. They applied receiver function
method to the data and observed a crustal thickness of 34-35 km for the eastern and
29-32 km for the western part of the eastern Marmara region. They calculated the
average thickness for the eastern Marmara as 3112 km and S wave velocity 3.64

0.15 km/s. Comparing regional heat flow values, extensional features and crustal



thickening from 29 km to 35 km towards east, they concluded that eastern Marmara
region seems to be a transition zone between the Sea of Marmara extensional domain

and continental Anatolian inland region.

Al-Lazki et al. (2004) studied Pn anisotropy and velocity structure at the junction of
Arabian, Eurasian and African plates using 29-station broadband network of the
Eastern Turkey Seismic Experiment and a 20-station short period seismic network in
Syria. Pn velocities in the continental lithosphere vary from high values (>8 km/s) to
low values that are accepted to be the indications of stable mantle lid and partial
melt, respectively (Calvert et al., 2000). Al-Lazki et al. (2004) reported that Pn
velocities in the west of the Marmara region are higher than those in the east of the
Marmara region which indicates partial melting for the Eastern Marmara Region. Pn
anisotropy orientations were observed to change along the NAF as NE-SW in the
east, E-W, N-S in the central parts and NW-SE in the west close to the Sea of
Marmara. In the Sea of Marmara anisotropy orientations were observed to change
from NW-SE in the east, NE-SW direction in the west. They noted that more
complex crustal and upper mantle processes seem to influence Pn anisotropy
orientations in the mantle lid as they contrast with the relatively uniform westward
motion of the Anatolian plate deduced from detailed GPS measurements. (McClusky

et al., 2000).

Karabulut et al. (2003) obtained 2D seismic image of the Eastern Marmara Region
across an E-W directional 120 km long refraction profile over NAF and tectonically
active the Cinarcik Basin. Data were acquired during SEISMARMARA project.
Deduced P-wave velocity model was confined to the top 7 km of the crust and had
clear heterogeneities in the upper crust. In the study, lateral P-wave velocity
variations were attributed to surface geology. Beneath Armutlu Peninsula, reported
local high P-wave velocities (5.8 — 6.1 km/s) were interpreted as related to the
granitic intrusions. In the Gulf of Gemlik, calculated P-wave velocities were 3.1 —
4.5 km/s for the depth of ~ 4 km. Beneath the Cinarcik Basin, they reported a
velocity change from 2.5 km/s to 4.5 km/s for the same depth range and also high P-
wave velocities (>6 km/s) at a localized zone of 5 km depth. This zone was observed
to be around ruptured segment of NAF in 1999 Izmit earthquake and confined with
the lower velocity northern branches of NAF. Also, in the Kocaeli Peninsula, high P-

wave velocities (5.7-6.0 km/s) were observed under Istanbul Paleozoic units.



Horasan et al. (2002) investigated lithospheric structure of Marmara and Aegean by
waveform modeling of three aftershocks of 1999 izmit earthquake with magnitude
Mw= 7.4. During modeling, different velocity models were used to determine the
crustal structure, which provides the best coherency between synthetic seismograms
and observed ones. They estimated 8.0 km/s of Pn wave velocity and 4.6 km/s of
S-wave velocity for the upper mantle and 32 km of crustal thickness for the Gulf of

[zmit area.

Nakamura et al. (2002) investigated 3D P-wave velocity structure of the 1999 Izmit
earthquake hypocentral area. They used tomography method of Zhao et al. (1992) to
determine the 3D P-wave velocity structure and observed that aftershocks of 1999
Izmit earthquake built an E-W directional narrow zone of 170 km through the
northern branch of NAF. They also observed that distributions of the aftershocks
were not homogeneous but clustered in three groups as; near main shock hypocenter,
in the Sea of Marmara around longitude 29.2 E°, and in the east of longitude 30.4 E°.
According to their results, there is a low-velocity area west of the main shock
hypocenter and a high-velocity anomaly east of longitude 30.4 E°. This anomaly was
observed to exist under the aftershock cluster in the east of longitude 30.4 E° which

extents to the shallow depths of southern branch of NAF (iznik-Mekece Fault).

Girbiiz et al. (1980) investigated crustal thickness and Pn velocities for the southern
Sea of the Marmara using quarry blasts. They estimated, a crustal thickness of 28-29
km and Pn wave velocity of 8.1 km/s. They suggested that high velocities in the west
and shallow depth to the upper mantle in the southwest of the area could be

indication of a dome-like structure.

Crampin and Uger (1975) investigated crustal seismic velocities beneath the Sea of
Marmara using 4 different earthquakes from 35 stations. Crustal P-wave velocities

obtained in this study were in the range of 5.8-6.0 km/s.

1.2 Gravity and Magnetic Studies in the Sea of Marmara

A relationship between the Sea of Marmara and NAF was established by Ergiin and
Ozel (1995) combining shallow seismic data with geological and aeromagnetic data.
Ates et al. (2003; 2008), studied seismic, acromagnetic and gravity data in the Sea of

Marmara to investigate the extend of the faults identified on the land, into the sea.



Ates et al. (2003; 2008), used aeromagnetic data provided by the General
Directorate of the Mineral Research and Exploration Institude of Turkey (MTA),
which were recorded from an altitude of 600 m along flight lines in N-S direction
with 500-1000 m spacing. In the produced aeromagnetic map (Figure 1.3) a positive
large amplitude anomaly of 150 km in the E-W direction was observed. Regions of
the Gulf of Saros, the Dardanelles, the Biga Peninsula also exhibited strong positive
anomalies. Those are interpreted as magmatic bodies observed in the extensional
provinces as in the southwestern Turkey. Anomalies observed in the southern parts
of the Sea of the Marmara, parallel to the NAF, were suggested to represent highly
magnetized, two-dimensional dyke-like bodies parallel to the fault elongation
(Tunger et al., 1991). Average depth to those andesitic intrusions were determined to
be 100 m. Gravity data used in the investigation were collected by the MTA and
were provided as an analogue Bouguer anomaly map (Erden and Oray, 1977). In the
gravity profiles, a sharp negative anomaly was observed on the town of Golciik,
which was interpreted as the bifurcation of the NAF with normal component. Strong
negative anomalies around the southern shore of the Sea of the Marmara were also
observed. Those anomalies were interpreted as the possible western extension of the

NAF in the Sea of Marmara.



(8007 PUe €007 ‘T8 12 $91y) eIewlIR]A JO BAS oY) Jo dew onjoudewoIdy €' 9AnSL

Vv3S MOv1d




1.3 Heat Flow Studies In the Sea of Marmara

The first detailed heat-flow map of Turkey was prepared by Tezcan (1979) using
temperature gradients in the wells. By the addition of new well data, this map was
improved by Tezcan (1995) and given in Figure 1.4. Heat-flow determinations in
thermal springs in Western Anatolia were also studied by ilkisik et al. (1990; 1995)
and Ilkisik (1995) and were correlated with crustal structure. According to the heat
flow map of Turkey (Tezcan, 1995), heat flow values for the Sea of Marmara range
between 40 mW/m? and 140 mW/m’. Average heat flow value for the continental
crust is 65 + 1.6 mW/m?* (Pollack et al., 1993). Measured values point out that the
crust of the region is heater than the average continental crust. Curie Point Depth
(CDP) investigations are also a geothermic study area parallel to the heat flow
measurements since CPD is also sensitive to the crustal heat variations. CPD is the

depth at which temperature reaches the Curie point temperature.

At the Curie point, magnetism of rocks diminishes (~580°C for magnetite). Thus,
magnetic bearing rocks do not generate any signatures on the measured geomagnetic
field after this temperature. The depth to the Curie point temperature, CPD, is
assumed to be the bottom of magnetized bodies in the crust. Magnetic data is
analyzed by the most commonly used method given by Vacquier and Affleck (1941),
Bhattacharyya and Leu (1975), Shuey et al. (1977), Connard et al., (1983) and
Tanaka et al. (1999) to obtain CPDs. Different mineralogical contents and different
geologies result in varying CPDs from region to region. Variations of the CPD in the
crust reflect variations of the crustal thermal regime. In the regions with geothermal
potential, thinned crust and young volcanism, shallow CPDs are expected. CPD map
of Turkey (Figure 1.5) was prepared using magnetic data obtained from MTA (Aydin
et al., 2005). It was suggested that the shallow CPD patterns depends on the tectonic
regime and morphology. It was also observed that the map coincided with the
geological (plate) structure and volcanism of the Turkey. It was reported that the
deep Curie point anomalies in the southestern part of Turkey coincide roughly with
the subduction of the Arabian plate together with volcanic activity. The easternmost
shallow CPDs were interpreted to be related with the volcanoes in the eastern
Turkey, which implies that a shallow magma chamber had yielded the volcanic

activity or magma plump. In the central part of Eastern Turkey, E-W elongated



moderate CPDs were correlated with the heavily faulted Karliova depression.
Another possible interpretation for the cause of observed depths were upper mantle
flow and asthenospheric upwelling. Extensional, thinned nature of the western
Turkey with E-W directional grabens was also reflected in the map. Anomalies along

the NAF were in the range of middle to deep.
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1995).

Figure 1.4: Heat flow distribution map of Turkey (Tezcan,
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Along the southern Marmara branch of NAF, CPDs were observed to be around 15
km. At the northern edge of the Aegean region and to the south of Marmara Sea,
where hot-spring fields with surface temperature of 52-59°C were situated, CDPs
were shallower in the range of 10-12 km. For Thrace in NW Turkey, CDP values
were higher, around the depth of 17-18 km. They interpreted all those results as

follows;

- The depths less than ~10 km occur in the geothermal areas that have the
highest heat-flow contribution, orogenic belts with some nappe structure such

as Taurus and Pontides,
- Suture zones are the regions with the deepest CPD values more than 20 km,

- Shallow depths in the CPD map of Turkey are well correlated with the young

volcanic areas and geothermal potential fields.

1.4 Seismicity of the Sea of Marmara

Seismicity and tectonics of the Marmara region have been studied by different
scientists (Crampin and Ucer, 1975; Barka, 1997; Eyidogan, 1988; Taymaz, 1999;
Ambraseys, 2002; Karabulut, 2002; Ozalaybey et al., 2002) since 1970’s. In this

section, results of two recent studies are going to be presented.

Long term seismicity (1973-2008) of the Sea of Marmara is mainly concentrated
along the branches of the NAF (Figure 1.6). Installation of a permanent network by
Kandilli Observatory and Earthquake Research Institute (KOERI) improved the
quality of earthquake monitoring in the region. In order to obtain precise
determination of hypocenters of seismic events and to increase the number of well-
determined focal mechanisms in the area, Giirbiiz et al. (2000) conducted a micro-
seismic experiment with 48 stations around the Sea of Marmara. Along the northern
branch of the NAF, a linear seismic activity was observed. Obtained stress tensor
was compatible with the stress tensor obtained from long-term (1943-1997)

seismicity.

Land-based observations were insufficient to determine detailed fault geometries and
microearthquake activities within the Sea of Marmara. In the region, the first marine
seismological observation was conducted by Sato et al. (2004) to study focal

mechanism solutions and microearthquake activity. Ten OBSs were deployed in the
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Cinarcik, the Central and the Tekirdag Basins and provided 350 well-constrained,
high-resolution hypocenters and 9 composite focal mechanism solutions. Distribution
of the microearthquakes determined in the study (Figure 1.7) was similar to the long-
term seismicity pattern given in Figure 1.6. According to the observed hypocenter
distributions, it was suggested that most of the earthquakes occurred in the vicinity of

the Main Marmara Fault (Le Pichon et al., 2001).
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Seismicity of the Sea of Marmara between 1973 and 2008 (USGS-NEIC).

.
.

Figure 1.6
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In the eastern basin, earthquakes clustered to the south of the MMF whereas fewer
earthquakes occurred beneath the MMF, and the Central High (CH) had low
seismicity. The depth limits of the events were reported to be 15 km in the eastern
and 20 km in the western part of the Sea of Marmara. It was also noted that,
occurrence of most of the earthquakes along the western MMF beneath the fault

except that the shallowest events indicated that the western MMF was sub vertical.

It was inferred that, only southern half of the structure was relatively active and the
fault geometry was sub vertical in the Central Basin. Micro earthquake distribution
which dips towards the south at ~ 45 © in the eastern part, indicated that the MMF
dips south in this area. For the eastern end of the MMF, it was reported that the NAF
could be vertical but more data were required to confirm this possibility. Focal

mechanism solutions obtained in this study are given in Figure 1.7 and Table 1.1.
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Figure 1.7: Focal mechanism solutions, obtained from cluster analyses. Open circles
in each mechanism show dilatations; solid circles show compressions.
Compressional quadrants are shaded in gray (Sato et al., 2004).
Abbreviations; MMF: Main Marmara Fault (Le Pichon et al., 2001), CH:
Central High.
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Table 1.1: Composite focal mechanism solutions of microearthquakes in the Sea of
Marmara (Sato et al., 2004).

Event Number Average Average Average Strike Dip  Rake

no. ofevents latitude longitude Depth © ©)
(°N) (°E) (km)
1 9 40.8131 27.7213 10.1 0 80 -10
2 2 40.8169 27.8441 11.2 70 90  -180
3 8 40.8362 28.6669 7.1 280 90 170
4 3 40.7832  28.8606 10.6 120 50  -100
5 10 40.7606  29.1313 9.6 0 60 -30
6 10 40.6297  29.0901 6.5 240 50  -120
7 40.5939  29.0109 9.3 190 65 -40
8 4 40.7201  29.0215 5.3 120 40 -65
9 17 40.7642  28.0273 5.4 70 90  -180

On the basis of the obtained pure strike-slip focal mechanisms, a dominant right
lateral strike-slip regime was suggested in the western Sea of Marmara. More
complex mechanisms consisting strike-slip faulting in the NW and normal faulting in
the central part of the Cinarcik Basin were reported. Those were related to the
oblique extension to the trend of the MMF in the western Cinarcik Basin. At the
eastern end of the basin vertical faults were suggested and strain partition was
proposed as also suggested by Le Pichon et al. (2001). They also noted that, their
results supported the single localized active through going right-lateral strike-slip

fault system in the western Sea of Marmara.

1.5 GPS Measurements in the Sea of Marmara

Many GPS surveys have been carried on to determine interseismic crustal
deformations by the means of velocity vectors for the last two decades (Straub et al.,
1997; Reilinger et al., 1997; Kahle et al., 2000; McClusky et al., 2000; Meade et al.,
2002; McClusky et al., 2003; Allmendinger et al., 2007). The Aegean plate is
moving towards the SW at 30 = 1 mm/yr relative to Eurasia which gives rise to the
extension in the western Turkey with motion at 15 + 1 mm/yr. The NAF is
dominated by right-lateral strike slip motion at 24 + 1 mm/yr with slight compression
along the easternmost segment and extension in the Marmara Sea—North Aegean

trough (McClusky et al., 2003).
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Most of the GPS velocity vectors relative to Eurasia (Figure 1.8) can be explained by
rotation of Anatolia and the Aegean around an Euler pole (McClusky et al., 2000).
But there are misfits for much of southern Aegean and the Sea of Marmara (Flerit et
al., 2003). To obtain a better-fit model, Flerit et al. (2003) proposed a slip-
partitioning model between the northern and southern branches of the NAF, where
20 % of the required slip (24 + 1 mm/yr) is transferred to southern branch, extension
increased to the south and decreased across structures within the northern part. It is

also reported that, details of the model will be better constrained as more data

accumulates.
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Figure 1.8: GPS vectors in the Marmara region (McClusky et al., 2000), including
multi-beam bathymetry, faults in the Sea of Marmara (Le Pichon et al.,
2001) and land faults (Saroglu et al., 1992). Abbreviations; NAF: North
Anatolian Fault TB: Tekirdag Basin, CB: Central Basin, CB: Cinarcik
Basin.

1.6 Electrical Conductivity Studies around the Sea of Marmara

Around the western part of the North Anatolian Fault numerous electrical resistivity
studies were conducted (Honkura et al., 1985; Giirer, 1996; Tank et al., 2003; Tank,
et al., 2005). Tank et al. (2005) used wide-band magnetotelluric data to investigate
the fault rupture area of the 1999 Izmit earthquake with Mw=7.4 on the NAFZ, in the
eastern Marmara region. Their final models indicated that, hypocenters of the main
shocks and aftershocks were located on the highly resistive side of a conductive
zone. They observed a low conductivity zone extending down to 50 km between two

fault branches. They interpreted this deep zone as partial melting which resulted from
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the past tectonics in the region. Cartoon model of the interpretation is given in

Figure 1.9.
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Figure 1.9: Interpretive cross section of electric resistivity study (Tank et al., 2005).

In the Thrace region of Turkey, Bayrak et al. (2004) reported that, large earthquakes
occurred around the areas of high electrical resistivity in the upper crust whereas
small magnitude earthquakes were observed in the conductive lower crust. The fluid
migration from the conductive lower crust to resistive upper crust was suggested as
the possible reason for seismicity in resistive areas. It was also reported that, the
depth to the lithospheric upper mantle is around 45 km beneath Istranca massif

whereas it decreases to 17 km towards southeastern part and interpreted this as the

effect of mantle uplifting in the area.
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2. TECTONICS of the SEA of MARMARA

2.1. The North Anatolian Fault in the Sea of Marman

The North Anatolian Fault (NAF) is one of the Wadsldargest active, strike slip
systems (Figure 2.1) which extends about 1200 lom fKarliova triple junction,
eastern Turkey, to the North Aegean Sea (Ketin91%gnbreseys, 19705engor,
1979; Barka, 1992; Westaway, 1994; Hubert-Ferrarale 2002). The Anatolian
plate is characterized by collision of Arabia anftida with the Eurasian plate,
which started during the Early Miocene (Yilmaz ket 8995). The right lateral North
Anatolian Fault and the left lateral East Anatoligault (EAF) constitute the
boundaries of the westward rotating Anatolian pl@eilinger and Barka, 1997).
The NAF accommodates the westward motion and cotlatkwise rotation of the
Anatolia relative to the Eurasian plate formingaaudary between those two plates
(McKenzie, 1972; Dewey arfgengor, 1979). The westward motion of the Anatolian
plate along the NAF is about 24 mm/y on the bakith® GPS studies (McClusky et
al., 2000). The age of the NAF is controversial ibis commonly accepted that the
NAF has become active around the start of the &fiec(Ketin, 1948; 1969;
McKenzie, 1972;Seng6r, 1979; Barka, 1992; Barka et al., 2000; Baakal
Kadinsky-Cade, 1988; Kaogit, 1988; 1989; 1991Sarcglu, 1988; Toprak, 1988;
Barka and Gulen, 1989; Bozkurt and Kagyi 1996; Yaltirak, 1996; Okay et al.,
1999; 2000; Tuysuz et al., 1998; Yaltirak et aD0®). According to the recent
models, it has become active at the end of the dfiecbut recent geometry has
developed in the Pliocene (Westaway, 2004). Stagtigc studies around the Sea of
Marmara Sea region suggest an age of 3.5 Ma (¥klbt al., 1998; Saking et al.,
1999; Alpar and Yaltirak, 2002). It is suggestedt tine NAF represents a transform
margin that follows a pre-existing zone of crustabkness; Intra Pontid suture given
in Figure 2.2 $engor and Yilmaz, 1981§engor et al.,, 1985; Okay and Tuyslz,
1999). The Intra Pontid Suture Zone forms a ~400léng boundary between the
Istanbul Zone and the Sakarya Zone and also exfendsother ~400 km farther

west through the Sea of Marmara (Okay and Tuyse@9)l It was formed as a result
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Figure 2.2 . Tectonic map of northeastern Mediterranean reglwwing the
major sutures and continental blocks. Suturesiaog/n by heavy
lines with the polarity of former subduction zoriedicated by
filled triangles. Heavy lines with open triangle=present active
subduction zones. Small open triangles indicateviérgence of
the major fold and thrust belts. BFZ denotes tbenBva Flysch
Zone Sengor, 1984; Okay, 1989; Okay et al., 1994; 199\O
and Tuysuz, 1999) (url-1).

of closure of a major embaymei#mir-Ankara-Erzincan Ocean. The Intra-Pontide
suture consists of an east-west trending segmeet] later in some parts by the
North Anatolian FaultThe Intra-Pontide suture in the west is disguiseder the Sea

of Marmara and comes again onshore in the regiGady in Thrace.

Various data including multi-beam bathymetry, maohiannel seismic and deep-
towed seismic were acquired and interpreted inroielefine the geometry of the
North Anatolian Fault within the Sea of Marmara é@let al., 1999; 2000; Parke et
al, 1999; Aksu et al., 2000; Rangin et al., 20@dren et al., 2001; Le Pichon et al.,
2001; Armijo et al., 2002; Demirlieet al., 2003; Carton, et al, 2007; Laigle et al,
2008; Becel et al., 2009Thereare different suggestions related to the extensfon
the NAF to the east of the Marmara region. It waggested that the NAF splits into
three branches in the Marmara region (Barka andriskg-Cade, 1988; Yaltirak,
2002). However, more recent studies (Le Pichon12@0mijo et al.,2002; Meade
et al.,2002 and Flerit et gl2003) indicate two strands. Also different modekyav
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proposed related to the nature of the NAF and ftonanechanisms of the active
structures under the Sea of Marmara.

Pinar (1943) had first suggested that three degmbaf the Sea of Marmara
(Spindler, 1896) had been formed by a single faettveen the Gulf ofzmit on the

east and the trace of the 1912 earthquake faulGelibolu. Since then, several
models have been suggested by different scienfi¥@snnenstiel, 1944; Egeran,
1947; McKenzie, 1972). The recent proposed modelshie extension of the North

Anatolion Fault under the Sea of Marmara are:

- En-echelon fault segments models given in FiguBe (Parke et al. 1999;
Okay et al., 1999; 2000, Siyako et al.,2000)

- Pull-apart models given in Figure 2.4 (Barka anddiisky-Cade, 1988;
Barka, 1992; Wong et al., 1995; Ergiin and Ozel,5198rmijo, 2002;
Armijo et al., 2005)

- Single master fault models given in Figure 2.5 @iehon et al., 2001;
Imren, 2001; Demirlgaet al., 2003; 2007),

According to Wong et al. (1995), three basins & 8ea of Marmara are pull-apart
basins and intervening areas are push-up structrigmated from transpression.
They suggested that the NAF branches into two apprhg, right stepping, oblique
master faults at the eastern and western bordéneoSea of Marmara. Observed
neotectonic and sedimentary regime in the Sea afidra is the result of this
nature of the NAF together with the compressional’lement between Eurasia and
Africa. The two major fault systems are called thern Boundary Fault (NBF) and
Southern Boundary Fault (SBF). Seyito and Scott (1991), and Seyita et al.
(1992) suggested that the N-S extension in theeArediad developed in the Early
Miocene, before the NAF developed, and relateddkiension to the spreading and
thinning of a previously thickened crust in amtensional arc environment. Wong
et al. (1995) suggested that this extension infeméh the NAF in the Sea of
Marmara and created wedge shaped transtensiolta@part basins and intervening
transpressional push-up structures in the Late Bl®®gto Quartenary. They
explained the tectonic structure of the Sea of Maenby five fault-bounded, tilted
blocks created by en-echelon faults between twotenasanstensional faults.
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Figure 2.3: Fault map of the Sea of Marmara; en-echelon segmmeatel, redrawn from Parke et al. (1999). Ablagens: NBF: Northern
Boundary Fault; TB: TekirgaBasin; CB: Central Basin; CB:Cinarcik Basin; @&anos Fault.
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But Parke et al, (1999; 2002) reported that, nd@we is found for the existence of
a NBF along the Central and TekigdBasins. They interpreted the results of the
high-resolution seismic reflection survey conduciadthe Sea of Marmara on
September 1997 and supported the model that maieps across the Sea of
Marmara on a set of en echelon faults (Figure Z:Bgy reported that it is difficult
for a single strike-slip fault to account for thietrent styles of tectonic observation
existing in the Sea of Marmara. They also suggetstatithe presence of the Sea of
Marmara on the western end of the of the North élieat fault is a direct result of
localized N-S extension and it is the consequericth® interaction between the
strike slip motion on the North Anatolian fault atite onset of influence of the

Hellenic Arc.

According to Armijo et al. (2002) in the Marmaragien, the right lateral North
Anatolian Fault splays into two branches, which abmut 100 km apart, before
entering the Aegean (Figure 2.4). They reported, thmst of the lateral motion
appears to be transferred obliquely northward ftbenmain northern branch, across
the large rhomb-shaped basin that the two branctest. They termed the oblique
submarine zone which forms a smaller pull-apathanlarger Marmara pull-apart as
the North Marmara Fault System (NMFES). They intetgd the highs and basins in
terms of this system. They suggested that, alomg diistem, active faulting is
segmented and it interconnects largest pull-apesinis the Cinarcik, the Central and

the Tekirdg Basins with thdzmit and Ganos faults on land.
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Figure 2.4: Faults in the Sea of Marmara; pull-apart basindeh@Armijo et al., 2002). Abbreviations: MMF: MaMarmara Fault;
CB:Cinarcik Basin; CB: Central Basin; TB: TekigdBasin.
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They described the kinematics in the Marmara podlre by asymmetric slip
separation in which one block boundary (NMFS) earra greater strike-slip to

normal ratio than others.

Le Pichon et al. (2001) interpreted the resulthigh-resolution bathymetric, sparker
and deep towed seismic reflection data set colfetie r/v Le Suriot of French
IFREMER on the northern half of the Sea of Marmdaraey prepared a detailed
bathymetric and fault map (Figure 2.5) of the nemthpart of the Sea of Marmara
and interpreted the extension of the North Anatofault under the Sea of Marmara
as a single, through-going strike slip fault systeonnecting 08.17.199%mit
Mw=7.4 earthquake fault and 09.08.1912 Miréfeekéy Ms=7.3 earthquake fault
on the east (Figure 1.6). They called this fauliasn Marmara Fault and suggested
that N-S to NNE-SSW active extensional structuresbably indicate strain
partitioning in the Sea of Marmara. According te tmodel, principal deformation
zone (PD2Z) follows northern margin on the eastestnpart and southern margin in
the Tekirdg Basin.
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Figure 2.5: Faults in the Sea of Marmara; single masaaitt model (Le Pichon et al., 2001). Abbreviations
IF: Izmit Fault, MMF: Main Marmara Fault; CB:Cinarcik$a, CB: Central Basin; TB: Tekirda
Basin GF: Ganos Fault.
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2.2 Deep Basins in the Sea of Marmara

The Sea of Marmara is a marine basin extending K2i5n the E-W direction
and ~80 km in the N-S direction with shallower $loel the south and a deep trough
on the north. There are three main deep basingaedawith NNE-SSW trending
600 to 800 m deep highs on the northern trough.s@Heatures are the Cinarcik
Basin, the Central High, the Central Basin, the ¥@sHigh and the TekirgaBasin

from the east to the west, respectively (Figurg.2.4

The three basins had been explored after the tanEesurvey in 1894 (Spindler et
al., 1896).But the data were not sufficient to determine thsiib features in detail.
Afterwards, different surveys were conducted byedé@nt groups to collect more
data, such as the multi-channel seismic reflectdata by Mineral Research and
Exploration Institute of Turkey (MTA)the multibeam acoustic survey by the
Department of Navigation, Hydrography and Oceanggyaof the Turkish Navy
(SHOD), the National Marine Geology and Geophygiosgram by the Scientific
and Technical Research Council of Turkey (TURK). A complete bathymetric
data of the northern Sea of Marmara was mappetéyurkish-French collaborated
cruise of r/v Le Suroit of French IFREMER and thaimdeep basins of the Sea of
Marmara had become known in detail. In the nextieecstructures of those three

main basins will be shortly described.

2.2.1 The Cinarcik Basin

The Cinarcik Basin is a wedge-shaped active trasstieal basin (length: 50 km,
width: 20 km, maximum seafloor depth: 1270 m). Bheface area is 545 KniThe
Central Marmara Ridge in the west and steeply digpgubmarine slopes in the north
and south bound the Cinarcik Basin. In the eash@basin, thézmit segment of
the NAF ruptured by thé&mit earthquake with magnitude (Mw) 7.4, on 17 Asigu
1999. It consists of nonuniformly distributed sedits having a maximum thickness
of 6 km and more (Carton et al., 2007). The basiiti consists of syntransform
sediments of Pliocene-Quaternary age (over 3 kmd) wardeformed basinal strata
deposited during the post-Miocene activity of théRN (Okay et al., 2000).
Carton et al. (2007) reported that the distributddrsediments suggests an eastward
migration of the main depocenter of the CinarcikiBaBased on the multi-channel

seismic data collected in 1997 and 1999 by the MinResearch and Exploration
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Directorate (MTA), Okay et al. (2000) suggestedt ttiee Cinarcik Basin formed
when the westward-propagating the NAF intersectdd-\& trending pre-existing
fault zone during the Pliocene forming a transfaramsform-transform-type triple
junction. Le Pichon et al. (2001) suggested that ¢hnarcik Basin is a surface
expression of active right-lateral faults basedtogh resolution bathymetric, sparker
and deep-towed seismic reflection data set acquogethe French Ifremer r/v, Le
Suroit. Based on the results of the SEISMARMARAQ®R0 seismic experiment,
Carton et al. (2007) suggested that there is n@atidn in the data for a single
through-going strike-slip fault, neither a crossibafault nor a pure strike-slip fault
running along the northern margin as suggested éoyichon et al. (2001). They
observed faster opening in the eastern part ob#dsn and basin-bounding faults
with significant extensional component of motioarsd both north and south sides of
the basin. They suggested that the Cinarcik Bassndeveloped as a transtensional
basin across strike-slip segments of the northekhk for the last few million years.

2.2.2 The Central Basin

The Central Basin is a complex structured basilelgth 25 km, width 14 km and
depth of 1250 m at its deeper part. Thickness efgidimentary fill is estimated
about 4725 m and its age is Miocene-Pliocene fapdeated sediments and
Quaternary to recent for shallow sediments (Dengirtlaal., 2007). There are two
different tectonic models for the evolution of tbdepression zone in the Central

Basin;

(1) A model based on existence of a through going esllp fault causing a

rotational depression zone (Le Pichon et al., 2001)

(2) A model including a right stepping strike slip liéng causing a pull-apart
basin (Armijo et al., 2002).

Demirbg et al. (2007) produced a 3-D structural block chag of the basin by

means of bathymetric and seismic data. They cooldobserve normal faulting

distributed oblique to the main strike-slip brarghevhich are expected to be
developed in a strike slip system where two maanbines of a strike slip fault have
offset over a zone. Their results support the festonic model for the evolution of
the depression zone in the Central Basin; a thra@oghg strike-slip fault causing a
rotational depression zone suggested by Le Pichah @001).
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2.2.3 The Tekirdgz Basin

The Tekirdg Basin is a rhomb-shaped active strike-slip basoated between the
Ganos Mountain (924 m) in the west and the Wedtkgh in the east. Its depth is
around 1120 m and has an area of ~85. kfarious studies have been carried on the
Tekirdaz Basin using multi-channel seismic reflection, hrgsolution bathymetric,
sparker and deep-towed seismic reflection surv€say et al., 1999; 2004; Le
Pichon et al., 2001; Armijo et al., 2002; Parkeakt 2002; Seeber et al., 2004,
Kanbur et al., 2007). It is bounded on one sidéheyNAF and on the other side by a
sub parallel normal fault joining at depth alongnajor sub horizontal detachment
fault. The basin represents a large negative flostercture. The extension of the
NAFZ in the southern Thrace (45 km long) is cakesdhe Ganos Fault. The strongly
asymmetric basin consists of the syntransformawéPliocene and Quaternary age
with thickness varying from a few tens of meterstioe submarine slope to over 2.5
km adjacent to the North Anatolia (Okay et al., 999Most of the Pliocene-
Quaternary sedimentary infill is terrigeneous armstprobably lacustrine. The flat
floor of the depression lies at the water depthldb0 m indicating a sudden change
in facies from lacustrine sediments to deep-séa aild clays as a result of flooding
of the basin by the Aegean Sea during the latestelmne (Okay et al., 1999).
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3. METHOD and DATA

3.1 Seismic Reflection Method

Seismic reflection and refraction surveys are comgnosed by earth scientists to
image the crustal structures. Seismic reflectiothoes are the most important tools
for imaging the acoustic impedance differencesgfss in marine geophysics was
rapid around early 1960’s partly in response toiticeeasing demand for petroleum
and other mineral sources necessary to sustairafhieé post-war industrial growth.

Acquisition rates were slow since seismic receivers to be kept stationary on the
seabed while recording each shot. To speed up ighd dperations and extend
exploration into deep water, much emphasis wasedlamn the development of
methods to produce seismic profiles from a movimg.s

Marine seismic systems consist of a sound soumeddehind the vessel within a
few meters of the surface that produces sound puaisa controlled frequency range
at set time intervals. The sound pulse travels uthinothe water column and
penetrates the sea floor. Sound is partially reflé@nd refracted by each change in
acoustic properties it encounters according toShell's Law. These waves return
and are recorded by hydrophones towed further detia vessel in a streamer or
seismic cable or by recorders deployed on lanéraporarily placed on the sea-floor
(ocean-bottom seismographs). The vessel travedssimaight line at constant speed
so the same point in the seabed can be measuredtedfy and the signals added
during post-survey processing. Seismic lines aot shually in intersecting groups
so reflectors can be traced from line to line. Lapacing for reflection will depend
on the purpose of the survey. In petroleum prowsn@D surveys tend to have
closer line spacing or 3-D surveys are carried wlre a relatively small area is
crossed by two sets of parallel seismic lines sdVE)s of meters apart. The survey
collects data at individual, evenly spaced shonsoalong the survey lines, so to
give the section through the Earth’s crust, thesgemoves forward at a fixed rate.
The rate of movement depends on the purpose asuhey. Deep surveys require

longer times for reflections to return from depthskiots occur at intervals of 9-20 or
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even 30-60 seconds for refraction surveys and ¢isgal will move at speeds around
4-5 knots (Jones, 1999).

For the last decades, major advances in marinehgsms have been made, by
providing seismic structure, first in two dimenssorthen in three dimensions.
Detailed seismic images of the earth within a felrketres of the seabed have not
only led to numerous petroleum discoveries butttogrewith drilling, have brought
about a much deeper understanding of how contiherdegins evolve. Also multi-
channel seismic studies on both land and marine reitording lengths of 15 s two-
way-travel time (twt) or more have provided seisrmtages of the entire crust
beneath rifted margins and in several areas, tletate of the underlying mantle
down to depths of several tens of kilometers (Feg@tl). The upper parts of
crystalline basement, down to depths of 10 km d¢orftaw reflectors. Lower crust
contains many strong but discontinuous reflectaivéng a laminated appearance to
records.

Satanelia Ebbe Siegen
Thrust Anticlinorium Thrust

—°

10-- o e Mo
DEKORP 2-N

Figure 3.1: An example of deep crustal seismic reflectionefidEKORP2 project
from an area of thin-skinned tectonics (DEKORP Rasup, 1985).

In the deep crustal seismic reflection studiessms& energy source is an important
parameter to define the depth and resolving povah® data. The ideal seismic
source would produce a single, high-energy spike th easily detectable in the
presence of noise after travelling to the deepagsf the Earth in limitation of the
interest. Airguns are the most commonly used saufoe seismic profiling at sea.
They produce a wide range of pulse shapes. To geobroadband output signals,

every 10-15 s, airguns of various sizes are groupearrays as peak energy
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frequency decreases with gun size. Typically tworee arrays are towed at depths
of 3-10 m and are fired alternately. Gun positians monitored by a GPS receiver
and in a head buoy and by hydrophones, which reqailses from a high-frequency
(500-100 kHz) transducer to the ship. Several t#nguns with a total volume of
~1001 are used for petroleum surveys and for desmsc profiling (Klemperer and
Hobbs, 1991; Avedik et al., 1993). They deliverealp pressure of >50 bar-m in the
12-128 Hz range which can be detected through greuswves in refraction studies
(BABEL Working group, 1991). Triggering of the guisstimed so their initial high-
energy pulses interfere constructively and the rs@ary bubble pulses suffer
destructive inference. The spacing as well asiteecf the guns is important in array
design. If they are separated by less than one eyt at the peak frequency the
source waveform is affected by bubble interactits.effect on acoustic pressures

can be computed and compensated for during datagsimg (Parkes at., 1984).

3.2. Data Acquisition and Resolution

3.2.1 SEISMARMARA 2001 Project, deep seismic refl#on data acquisition

Previous multi-channel seismic reflection survegaducted in the Sea of Marmara
were shallow targeted. Multi-channel seismic reftet data acquired by MTA
Seismic-1 ship between 1997-2000 in the Sea of Meanhad high resolution for
shallow depths. But due to the shallow penetradiepths and small number of folds,
it was not possible to recover the subsurface infeegeath the first seabed multiple

(imren, 2003). Data acquisition parameters of tha dee given in the Table 3.1.

In the scope of the thesis, a part of SEISMARMAR®O2 project deep seismic
reflection data are processed. Turkish-French lootition SEISMARMARA was
carried on as a multi-task study in the Sea of Maamn 2001, using combined
multi-channel seismic reflection, refraction andtleguake data obtained from OBS
and land stations. French Le Nadir, acquired mas 4000 km seismic reflection
profiles in the Sea of Marmara using a 4 km lomgasher with 360 channels. As the
source, 12-air gun array with single bubble modes wiaed. The configuration
provided a source of 8100 cu. in. or 2900 cu. apacity. “Single bubble” mode
provides higher penetration depth with the same&mel due to the low frequency
content of the source bubble (Avedik et al., 1993).
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Table 3.1: Acquisition parameters of multi-channel seismide@fon data acquired
in the Sea of Marmara between 1997-20@0rén, 2003, Demiraal.,

2007).

Data 1997a 1997b 1999 2000
Sampling (ms) 2 2 2 :
Record Length (s) 6 5,8 5,8 6
Number of Channels 72 72,84,96,108,12048,60,72,84 48
Shot Interval (m) 50 50 50 50
Offset (m) 125 40, 50, 150 50 150
Fold 9 9-15 6-10 6
Station Interval (m)  12.5 12.5 12.5 12.5
CDP Interval (m) 6.25 6.25 6.25 6.25

SEISMARMARA project consisted of two legs; Leg 1ddreg 2. In the Leg 1, data
along 4 E-W directional and 30 crossing profilegevacquired (Figure 3.2). Leg 2,
consisted of dense grid lines around the eastesroSklarmara, the Cinarcik Basin.
For the thesis, parts of selected E-W and cross lin the three deep basins, the
Cinarcik, the Central and the TekigdBasins are processed (Figure 3.3). Although
lower source frequency of the data degraded theluttsn, deeper penetration
depths on the crustal scale were aimed while acguBEISMARMARA 2001 data.
Data acquisition parameters of SEISMARMARA 2001jech Leg 1 and Leg 2

surveys, are given in the Table 3.2.

Table 3.2: SEISMARMARA 2001 project, Leg 1 and Leg 2 data astjon

parameters.

Data Leg 1 Leg 2
Sampling (ms) 4 4
Record Length (s) 17,30 13
Number of Channels 360 360
Shot Interval (m) 50, 150 38
Fold 45, 15 60
Station Interval (m) 125 12.5
CDP Interval (m) 6.25 6.25
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3.2.2 Data resolution

It is important to define limitations of the dataterms of resolution and penetration.
In the next section, vertical and horizontal regolu concepts will be explained

shortly. Sections related to the theory of the gaitecess are compiled from Yilmaz
(1987), McQuilin et al. (1984) and Bacon et al.q2p

Seismic resolution is basically described as tleeteht distance between two points
which permits the points to be distinguished froacke other. Resolution could be
define in terms of vertical and lateral resoluti®dhe measure of vertical resolution is

wavelength whereas the measure of horizontal résolis Fresnel zone.

3.2.2.1 Vertical resolution

There is a limit for shortest distance that théeations coming from the upper and
lower interface of a layer could be distinguishednf each other. This limit is

dependent on the thickness of the layer and rel&dethe vertical resolution.

Wavelength of a seismic wave is given by equatih)(as follows;

A =¥ (3.1)

In the equation, V denotes velocity, and f denadesninant frequency. In the
subsurface seismic P-wave velocities are genebaliyween 2000 m/s and 5000 m/s
and tend to increase with depth. Dominant frequesfcgeismic signal used in the
seismic reflection experiments is generally betw2@mand 50 Hz. This range differs
on the purpose of the investigation. For examples, tange is around 8-40 Hz for
deep crustal reflection studies requiring deep patien and it can be between
40-120 Hz for petroleum and gas industry reflecstudies. Concerning the average
frequency range mentioned above, typical seismieleagths are around 40 — 250
m and generally increase with depth. As wavelendétermines the vertical
resolution, to be distinguishable, deep units sthde thicker than the shallow units.
Plot of wavelength values for different frequenassa function of velocity is given
by Yilmaz (1987) in Figure 3.4.
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Figure 3.4: Wavelength values for different frequencies asmation of velocity
(Yilmaz, 1987).

Threshold for the vertical resolution is given las 1/4 of the wavelength. But this
may vary according to the noise in the data. Tholekstalues of vertical resolution

for different velocity and frequency values areagivn Table 3.3.

Table 3.3: Threshold values for vertical resolution (Yiima28¥).

V (m/s) f (Hz) N4 (m)
2000 50 10
3000 40 18
4000 30 33
5000 20 62

Vertical resolution of SEISMARMARA data for a seattom at 1200 m is around
36 m.

3.2.2.2 Lateral resolution

Lateral resolution is the shortest distance that pwints located side by side could
be distinguished as two individual points. If wensmler the wave front which hits to
the A- A’ horizontal reflector in Figure 3.5, thigflector could be assumed as
continuous point diffractors. For a random sounce @eceiver point (S), arrival time
of energy from the subsurface (O) is to=¢2Z If we consider the wave front to

move as much ag4, arrival time of the energy from A or A’ pointis the receiver is
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t1= 2(Zo-A\/4)/V. Energy, from an area of radius OA’ arrivestte teceiver from each
points of the area at a time between defined totandotal energy arriving in the
time range of (tI-to) causes constructive interiee2 Here A-A’ reflection circular
area is defined as the first Fresnel Zone (Sheti®84). Two reflecting points

meeting in this zone are not distinguishable inabgervations from the surface.

2 > X
)
X
=
Z
A 0 A

Figure 3.5Fresnel Zone AA’ in (X, z) space (Yilmaz, 1987).

Fresnel zone is also dependent on frequency diie dependency of wavelength. If
a seismic wave moving through a wave front hadivelly high frequencies, then its
Fresnel zones would be relatively narrow. As Frezoree widens, it becomes more
difficult to distinguish two points from each othekateral resolution is also
dependent on the depth of the reflective interf&aalius of the Fresnel zone is given

in the equation (3.2),

=Y |t (3.2)

Radius of the first Fresnel zone of SEISMARMARAa@&br a sea-bottom at 1200 m

is around 300 m.

3.3 Data Processing Steps

Seismic data processing can be characterized bgwence of steps where for each
of these steps a multitude of different approaehest. As there are various ways to
acquire seismic data and also a variety of objestior which the data can be used,
processing steps are not the same for each dat@.gftie typical data processing

steps applied to the data in this thesis are ghdetscribed in Figure 3.7.

41



Data Editing

¥

Mute

¥

Gain
(Spherical Divergence) |

] v

F-K Filtering

Bandpass Filtering

Geometry Definiton <=

§

Sort

Velocity Analysis

{

NMO
Normal Move Out

¥

Stack H F-K Filtering

o\

1 ¥

= Mute

Attribute Analysis

Figure 3.6:Flow diagram of data processing steps applieddaltia used in the
thesis.

TUBITAK-MAM provided the data used in the thesis the Turkish team member
of the Turkish-French collaboration SEISMARMARA pct. The data on DVD’s
(Digital Versatile Disc) were transferred to SuneBis platform without a format
conversion, in .dsk format. They are processetienNezihi Canitez Data Processing
Laboratory of istanbul Technical University using Disco-Focus dptacessing
package. Large size of the data was the main difficduring the data processing.

For example; one 15 s twt line uses the storagivef3 s twt lines of the same
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length. In other words, one deep line is equal-f® shallow lines in terms of the
storage, data processing work and consumed time.Idilg data caused to spend
more time than with the normal size data, forced limits of the system and
produced storage problems. But they reveal valuadftemation from the deeper

parts of the Earth.

3.3.1 Editing

Editing is applied to data in order to omit (drap)kill (to zero the amplitude of the
trace) or reverse the trace amplitude polarity oisyn traces caused by the
inconvenient survey area conditions to prevent tiatbe distorted later due to the
effects of bad traces. To choose the traces todiiede traces from all shots are
visually checked. An example from processed datgivien in Figure 3.7. Traces

with arrow are edited during data processing.
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Figure 3.7: An example of edited traces in the processed data
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3.3.2 Mute

Muting is a method of reducing the amplitudes oftipas of the traces to zero to
eliminate undesirable components of the data. Matebe applied at different stages

of data process and also performs muting based\w@ ktretch.

3.3.3 Gain

Gain is a time-variant scaling in which the scalfngction is based on a desired
criterion. Another gain application is for spheticgpreading correction. Wave
amplitudes decay as 1/r, where r is the radiub®f&pherical wave front. This is true
for a homogeneous medium without attenuation. Folayered earth model,
amplitude decay can be described approximately/Hy?.(t). f] (Newman, 1973).
Here, t is the two-way travel time, and v (t) i® ttoot mean square (rms) P-wave
velocity of the primary reflections. Therefore, tlgain function for geometric

spreading compensation is defined by the follovaggation,

Tve [t
g(t)_[vmf}'{t(oj 83

where v (0) is the velocity at specified time t.(0p process the data acquired in the

Sea of Marmara data, spherical divergence corrediapplied. Interactive velocity

analysis is used to derive the velocity functiontfee correction.

3.3.4 Statics correction

For the marine data, as the source and streamaoweel at the constant depth, the
only statics correction needed is a constant shiétll the records to convert twts to
what they would have been with shots and receiatrshe sea surface. The
correction is simply,
(ds + dr)

\%

Where ds is the source depth, dr is the receivathdend v is the velocity of sound in

(3.4)

the seawater. For the processed data in the tlassthe streamer and guns were at a
depth of 20-25 m, statics correction of 30 ms igliag to the data.
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3.3.5 Frequency filtering

Frequency filtering can be in the form of band-passd-reject, high-pass (low-cut),
or low-pass (high cut). Band-pass filtering i timost widely used one because a
seismic trace typically contains some low-frequenoise, such as ground roll and
some ambient noise and some high frequency ambigise. The usable seismic
energy generally is confined to a bandwidth of agpnately 10 to 70 Hz, with a
dominant frequency around 30 Hz. Band-pass filtedan be performed in various
stages in data processing. During processing tkee dand-pass filtering between
9-10 Hz and 75-85 Hz is applied to the data. tihiserved to improve the quality of
the data.

3.3.6 F-K filtering

Events that dip in the (t, X) plane can be sepdrhietheir dips in the (f, k) plane.
(Yilmaz, 1987). This allows us to eliminate cert&pes of unwanted energy from
the data. By using 2-D Fourier transformation a evéeld can be decomposed into
its plane-wave components. Each plane wave carimsnochromatic signal which
propagates at a certain angle from the verticabnis/with the same dip in the (t, x)
plane are mapped onto a single line in the radiection on the (f-k) plane. In the
data, f-k filtering is applied to eliminate dippingpise. The same dipping noise
existed for all the lines processed. An exampl¢htise is given in Figure 3.8. In
Figure 3.9, data in (x, t) domain and and its (5fgctrum is given before and after f-

k filtering.

Figure 3.8: Raw data with noise (Line 22b in the Tekigdgasin).
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Figure 3.9: Application of f-k filter to the data: a) f-k speem of the data before
filtering, b) data in (x-t) domain before filtering) f-k spectrum of the
data after filtering, d) data in (x-t) domain aftélering (before
filtering, mute is also performed).

Parameters to apply for the filter are chosen d&fkespectrum analysis. By selecting
pass or reject zones, which are defined by corderdkues, undesired noise (Figure

3.9.b) is highly eliminated.
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3.3.7 Geometry definition

Geometry definition is independent from the digitilta. By defining geometry,
source, receiver locations, offset information previded and written to the trace
headers. Exact geometry information is required tha transformation of shot-

receiver to midpoint-offset coordinates.

3.3.8 Sort

After initial data processing steps, the data aemsformed to midpoint-offset
coordinates. Seismic data acquisition with multifaioverage is done in shot-
receiver coordinates whereas seismic data progessirdone in midpoint-offset
coordinates. This coordinate transformation is eaddl by sorting data into common
midpoint (CMP) gathers. Each individual trace isigised to the midpoint between
the shot and receiver locations associated withtthee. Those traces with the same
midpoint location are grouped together making uBMP gather. CMP gather is
equivalent to a common depth point (CDP) gatherre/heflectors are horizontal and

velocities do not vary horizontally.

3.3.9 Velocity analysis

Velocity analysis is performed on selected CMP egeatlor groups of gathers. The
output from one type of velocity analysis is a éabf numbers as a function of
velocity versus two-way zero offset time (velocggectrum). Computed velocities
can in turn be used to correct for normal move{biMO), so that the reflections are
aligned in the traces of a CMP gather before stackihere are different methods
for velocity analysis such a$-t* velocity analyses, constant velocity scans of a
CMP gather (Yilmaz, 1987). It is important to obtai reliable velocity function to
get the best quality stack of signal. Velocity gs& of the data is performed using
interactive velocity analysis of Disco-Focus pragrpackage by picking best fitting
hyperbolas for every 100 CDP group. Obtained véjortinctions are used in the
NMO correction and stack.

3.3.10 NMO and stack

Once the velocity structure is known, then the galtan be corrected for the NMO.
As twt increases, NMO correction will increase. ffere, the upper part of a trace
is shifted further by the NMO correction than tlevér part. This results in a
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stretching of a trace causing a shift to lower @ieagies. The effect can be severe on
the large offset traces at small twt. This is thason of muting these portions of the
data. After the NMO correction, the traces of tHdRCgather can be added together
to form stacked trace. This improves the ratioighal to random noise byn, where

n is the number of fold. Fold is calculated usialijoiwing equation,

n= (Numberof Channels Stationinterval)
2. ShotlInterval

(3.5)

The stack may also be effective in suppressingiphedt, because their NMO'’s are
different from that of primaries at the same twsudlly modern marine data have a
high fold of stack, and the multiples under coredctor the NMO, will be smeared

out, and at least partially attenuated (Yilmaz,7)98

3.3.11 Attribute analysis

A seismic trace can be expressed as a complexdan@taner et al., 1979). The real
part is the recorded seismic signal itself. Thegmary part is the quadrature, which
Is simply the 90-degree phase-shifted version efréal part. The quadrature trace is
the Hilbert transform of the real part (Bracew&Bg65). After obtaining the complex
seismic trace, we can easily compute so callecmtaheous attributes associated
with the seismic signal. The instantaneous ampditueasures the reflectivity
strength R (t), which is proportional to the squeset of the total energy of the

seismic signal at an instant of time (t);

R() = VX () + y* (1)] (3.6)
Where x (t) is the real part of the signal, y §tthe quadrature.

Before estimating the instantaneous parameterartipitude and frequency content
of the signal must be preserved in each processapy In the data used in the thesis,
attribute analysis is performed to obtain enhansections of reflection strength

where distinct reflections are observed.
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3.4 Rheological Implications of Obtained Crustal Rfection Patterns and

Comparison for Three Basins of the Sea of Marmara

Multi-channel reflection profiles with recordingnigth of 15 s twt or more provide
seismic images of the entire crust and in seveealsa the structure of the underlying
mantle down to the depths of several tens of kikense In the Sea of Marmara, the
first deep multi-channel seismic reflection data reveacquired in the
SEISMARMARA 2001 project. For the thesis, three E-idur NE-SW extended
lines of the SEISMARMARA 2001 project in the Sea Marmara are partially
processed. Different high-resolution images of three main basins of the Sea of
Marmara have already been presented (Seeber 20@d, Demirbg et al., 2007,
Carton et al., 2007). This study focuses on the adeestal reflections in the Sea of
Marmara. Deep crustal reflection patterns and thHeological implications of the
three deep basins in the Sea of Marmara are coth@eyeaelative to each other.
In order to make this comparison properly, the satata processing steps are
applied to all data. In this section, obtained demystal stack sections of three basins

are presented.

3.4.1 The Tekirdgz Basin

Data acquisition parameters of Line 22b and Line (Elgure 3.3) are as follows:

Line 22b Linellc

Number of channels: 360 Number of channe&0 3
Record length: 17 s Record length: 30 s
Shot Interval: 50 m Shot Interval: 150 m
Fold: 45 Fold: 15
Processed line length 14330 m Processed InggHe22500 m

After processing steps mentioned in the sectioB) @.e applied, stack section of the
Line 22b is obtained (Figure 3.10 a). In the staektion strong reflections are
obtained until ~7.5 s twt. After this level, a tsparent area is observable. Between

10 and 12 s twt northeast dipping reflection paekagre visible. They are possible
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reflections from the Moho level. Interpreted seismstiack section of the Line 22b is
given in Figure 3.10 b.

a) b)
SW  Line22b  NE SW  Line22b  NE

Skm 5km

N

twt (sec)
N
twt (sec)

8 |- -

1 Base of Lower

. ‘Crustal Reflections
10 | ~ Transparent Area

. <= Moho
IReerctions

12

Figure 3.10a) Stacked and b) interpreted stacked section of 2#tein the
Tekirdgg Basin.
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Reflection strength image of the stacked sectiomden ~5.3 and 8.3 s twt for a
distance of 10 km is also obtained (Figure 3.14)thee reflection strength section,
the boundary between the strong reflections (retlgagaen color in Figure 3.11) and

the area of transparent reflectivity (blue coloFigure 3.11) is more visible.

Line 11c starts in the E-W direction and changegation to NW-SE after the
gyration of the ship (Figure 3.3). The level ofosiy deep crustal reflections extend
~7.5 s twt (Figure 3.12). In the middle and easteart of the section, reflections
from the dipping units of the western slopes of Tke&irdgz Basin are visible. Below
this level, there is again an area of weak seisgfiectivity. The depth to the bottom
of the strong visible seismic reflections is nedhg same for two crossing lines in
the Tekirdg Basin, Line 22b and Line 11c. Interpreted staakise of Line 11c in
the Tekirdg Basin is given in Figure 3.13.

SW Line22b NE
5km

[—

twt (sec)
(=2

Figure 3.11:Reflection strength section of a part of Line 22lthie Tekirdg Basin
(square area in Figure 3.10 a).
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Figure 3.12Stacked section of Line 11c in the Tekigd3asin.
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Figure 3.13:Interpretedstacked section of Line 11c in the Tekigdzasin.

53



3.4.2 The Central Basin

Data acquisition parameters of Line 40a and Line (Flgure 3.3) are as follows:

Line 40a Line 11b

Number of channels: 360 Number of channeB0 3
Record length: 17 s Record length: 30 s
Shot Interval: 50 m Shot Interval: 150 m
Fold: 45 Fold: 15
Processed line length 19437 m Processed InggHe81437 m

Complexity of the upper crustal part of the Cen®Balsin, which corresponds to
central depression, is described detail recentBn{ba et al., 2007). Deep seismic
reflections of Line 40a on the stacked sectionadse quite complex (Fig 3.14 and
Fig 3.15). On the southwest part of stack seatiothe Line 40a, strong reflections
are visible at the 8 s twt. On the northeastern phthe section strong reflections
between 8 and 10 s twt for a width of 5 km areblesi Beneath those reflections,
diffuse reflections continue to the deeper partshefsection. A transparent zone is
visible between 6-8 s twt of the southwestern sidihe section. This zone continues
towards northeastern part and visible to the degets of the section as a
transparent zone. Magnified images of the seatidguares are obtained to have a
closer look at the strong reflections. Magnifiedages of the upper and lower
square areas in Figure 3.14 are given in Figuté and Figure 3.17. Reflection
strength section for Figure 3.17 a is also presemethe Figure 3.17 b. As we
examine the magnified images, we see the contmatf the reflections in the
mentioned areas. In the reflection strength sedaieaq, high reflective area between
8-10 s twt becomes more visible. Interpreted stadextion of Line 40a is given in
Figure 3.15.

In Figure 3.18, seismic reflection stack sectionEs¥V directional Line 11b is

presented. Around 6 s twt, strong reflections stawweaken and after around 8 s twt,
they diminish even more. After this time limit, fore eastern part of the section no
visible reflections exist. But for the western pdrétween 10.5 s twt and 12 s twt,

there is another visible reflections area. Thisasevisible on the interpreted stacked
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Figure 3.14:Stacked section of Line 40a in the Central Basin.

55



SW Line40a NE

S5km

g ?41* i g
e
o ‘ﬁé{m‘ Rt

Reflections.

i
s
o

twt (sec)

[y
<>

Figure 3.15: Interpreted stacked section of Line 40a in thet@aéBasin.
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section of Line 11b (Figure 3.19) and also on #iftection strength section as seen
in Figure 3.20. Depth extend of the strong reftawdi are consistent with those
obtained from the crossed-line, Line 40a (FigubB.which is around 7.5 s twt for

the lower crustal reflections (Figure 3.15). Reilat packages around 10. 5 s twt are
visible on the both sections. On the E-W sectidrg tone where upper crustal

reflections diminish is more clear.

SwW Line 40a NE

stacked section of L4iba in the Central
Basin between ~4.3 and 8.3 s twt.

a) SW Line 40a NE b) SW Line 40a NE
5 km 5km

Basin between ~8 and 10 s twt and b) reflectioansth of the area
between ~8 and 10 s twt.

57



W Line11b E

SIS
g = . Figure 3.20

Pty

Figure 3.18:Stacked section of Line 11b in the Central Basin.
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Figure 3.19:Interpreted stacked section of Line 11b in the @diBasin.
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Figure3.20: Reflection strength section of a ~10 km aofastacked section
(rectangle area in Figure 3.18) of Line 11 b, le&tw~10.5and 12 s
twt of Line 11b.

3.4.3 The Cinarcik Basin

Data acquisition parameters of Line 130, 143 ame llila (Figure 3.3) are as

follows:

Line 130 and Line 143 Line 11a

Number of channels: 360 Number of channe&0 3
Record length: 13s Record length: 30 s
Shot Interval: 37.5m Shot Interval: 150 m
Fold: 60 Fold: 15
Processed line length 9000 m, 12750 m Procdsselbngth 19200 m

In the Cinarcik Basin, one SE-NW directional (at pér_ine 11), two NE-SW (Line

130, Line 143) directional lines are processedthia stack section of Line 130
(Figure 3.21 b), for the upper crustal depths,té&linature of the basin is visible,
which is studied in detail by Carton et al. (200Cjustal reflections continue to an
extent of ~6.5 s twt. On the northeastern sidehef gection, after this depth, no
visible reflections are observed. For the southteresside, reflections seems to
continue to down but, as it was a very noisy pathe section, one more parallel line
(Line 143) is processed to see this depth more.diedhe stack section of Line 143
(Figure 3.21 a), strong upper crustal reflecticqiastso diminish around ~5 s twt and
after ~6-6.5 s twt become invisible. Below this tway travel time, no visible

seismic reflections are observed which is consistetin Line 130 (Figure 3.21 b).

Interpreted stacked sections of Line 143 and L@ dre given in Figures 3.21 ¢ and
3.21 d. In Figure 3.22 stacked section of Line tklpresented. Seismic reflections
continue until two-way travel time of 8 s twt. Thgong reflections are visible as a
double band of ~7 km width between 4.5 and 6.5tslhterpreted stacked section of
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Line 11a is given in Figure 3.23. Magnified imadelee part of the section of Line
1la (area in square in Figure 3.22) is given inufa@@.24. Strong reflections are very

visible on the magnified image in Figure 3.24a.

a) b) SW Line130 NE

SW Line143 NE
1l 5km

twt (sec)

twt (sec)

c) d) SW Line130  NE
SW Line143 NE
il Skm
2
3 -~
z
5
6 Base of Lower Crustal Reﬂe::ti
. Transparent Area

Figure 3.21: Stacked section of a) Line 130 and b) Line 148&rpreted stacked
section of c) Line 130 and d) Line 143 in the ConaBasin.

Reflection strength section of the area is givenFigure 3.24b. Strength and
continuity of double reflection bands are cleaiistidguishable on the section. In the

western deep part of the section the reflectavespresent but their patternis not
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distinct from the upper parts. Therefore, it istguifficult to define those reflections
as Moho reflections. The boundary transition fromsible reflections to non-
reflective part is around ~6 s twt on the NE-SWdirand around ~8 s twt in the E-W

line.

NW Line11a SE

twt (sec)

11

13

15
Figure 3.22: Stacked section of Line 11a in the Cinarcik Basin.
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Figure 3.23: Interpreted andtacked section of Line 11a in the Cinarcik Basin.
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Figure 3.24: a) Magnified image from the stacked section of FigBr22 (area in
square), b) reflection strength image from the kstedcsection of
Figure 3.22 (area in square).

Deep seismic reflections under the deep basinseoSea of Marmara (the Tekiga
the Central and the Cinarcik Basins) exhibit déferseismic reflection patterns.
Variation of seismic reflection patters is impottéor comparison of the basins in
terms of crustal rheology. Obtained seismic reitecipatterns are summarized in
Table 3.4 with respect to lower crustal seismidections and the Moho seismic
reflections for the three deep basins of the Sédasmara.

Table 3.4 :Deep seismic reflectivity patterns of the threepddsasins of the Sea of
Marmara

Cinarcik

Tekirdag Basin Central Basin ;
Basin

Not dense, nearly Complex, diffractions

Lower Crustal . Bands of
o . transparent accompanied by .
Seismic Reflections dipping upper crustal reflections

reflections.
Moho Seismic Discontinuous and Discontinuous and  Not Clear
Reflection Patterns dipping complex
Depth of Moho ~10 s twt ~9 s twt Not clear
Seismic Reflections ~7 s twt
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4. SKS SPLITTING ANALYSIS

4.1. Shear Wave Splitting

Seismic anisotropy is an important tool to investiigdynamics of the mantle. In the
last two decades, shear wave splitting analysivobaa one of the most widely used
methods to map seismic anisotropy in the mantleniiet al. (1984), Kind et al.

(1985), Silver and Chan (1988), Vinnik et al. (188%nnik et al. (1992) are the first

leading scientists improving this technique. Origfrseismic anisotropy for different

depths of the Earth is given in the Table 4.1. /8&isanisotropy in the mantle is a
result of strain induced lattice preffered orielmiatof mantle minerals such as
olivine and pyroxene (Babuska and Cara, 1991). &fheg, it is possible to examine
structural geology within the mantle since shearvevaplitting measurements
represent the orientation and depth extend of matthin fields. When shear waves
travel in an anisotropic medium, they split intootwrthogonal components which

are slow and fast components (Figure 4.1, red areldolor components).

/

o

Figure 4.1 : Schematic illustration of shear wave splittingamisotropic media.
(url-3).
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Table 4.1: Origin of anisotropy and related seismic observeifor the different

depths of the Earth (Babuska and Cara, 1991).

rDa?]F;tg Seismic observations Origin of anisotropy
CRUST
Contintents
Sedimentary ~0-5 km PH/PV velocity differences Layering of sediments
Basins S-wave splitting
S-wave splitting Vertical cracks
Upper Crystalline  ~0-15 km Lg waves Vertical cracks and fractures
Crust Reflections on faults Foliation of rocks Anisotropy of
Horizontal Reflectors mylonites
Lower Crust ~15-30 km Several possible models:
-laminated stuructures
-horizontal shearing
-horizontal cracks with fluids
No direct evidence Coherent crystalline anisotropy
over large volume
Oceans
~5-11 km Borehdia Layering of sediments
S-wave splitting Vertical cracks and fractures
Azimuthal variations
of P velocities
SUBCRUSTAL
LITHOPSHERE
Continent ~30-150 km Pn-azimuthal variations Preferred orientation of olivine
Long-range profiles and orthopyroxene, either
P-wave residuals frozen-in or reoriented within a
SKS and ScS splitting tectonic strain fabric
Pn-azimuthal variations
Ocean ~10-100 km Long-range profiles Frozen-in preferred orientation
P-wave residuals of olivine and orthopyroxene
SKS and ScS splitting
Love/Rayleigh-wave
incompatibility
ASTENOSPHERE
Continent ~150-400 km  Love/Rayleigh-wave Orientation of olivine in the
incompatibility present day flow?
Ocean ~50-300 km Love/Rayleigh-wave Orientation of olivine in the
incompatibility present day flow?
Azimuthal variation of
Rayleigh-wave velocity
UPPER ~300-700 km No clear evidence Anisotropy in subducted slabs
MANTLE due to mineral orientation?
TRANSITION
REGION
LOWER ~7002600 km No evidence
MANTLE
D” REGION ~2600 2900 km Splitting or diffracted S Not known
waves?
INNER CORE ~5154-6371 km Splitting or core modes? Preferred orientationighh

pressure iron phase

Splitting of shear waves arriving at nearly velitioacidence at the station are
observed on SKS waves at teleseismic distancesS \B&ve travels as a P-wave

within the liquid core of the Earth and resultsnfrd® to S conversion at the core-
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mantle boundary (Figure 4.2). As the SKS ray iglyegertical benath the station, it
is observed as radially polarized phase in thezbatal plane. In anisotropic
medium, energy in the transverse component of Sk8ew; perpendicular to the
vertical plane containing the ray path, are olbgi(Vinnik et al., 1984; Silver and
Chan, 1988).

Focus of S
earthquake

Upper mantle
Crust

0 10.000
| |
Kilometers
Figure 4.2: SKS wave results from P to S conversion at tire-cnantle boundary

(redrawn from url-4).

Radial R and transverse T components of the splf #ave can be expressed as
(Vinnik et al., 1992);

R(t) = co2¢sin at + sin2¢gsinat-X) (4.1)
T(t) = 0.5 siny[sinat - sina(t- X)) (4.2)

Where t is the time is the circular frequency is the angle shown in Figure 4.3,
andat is the delay time between split waves. As sedaheanequation (4.2) if there is
no delay time, there will be no energy on the tveanse component. In the existence
of anisotropy, particle motion is observed to bkpetal. Shear wave splitting
analyses are performed measuring the polarizafidtineofast componentp and the
time delay time &) between the fast and slow components. Thosenpsers
provide information on the orientation of the amispy and the thickness of the
anisotropic layer. Information obtained from thegraeters evaluated together with
absolute plate motion, geological setting, geodyinamstory of the area, enlighten
the current and past lithospheric deformation. |&atsoon of shear-wave splitting in
the ray-coordinate LQT system (L: longitudinal; €dial, normal to the (L-T)

plane) is given in Figure 4.3.
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22

ray-path
plane

focus

Figure 4.3: Evaluation of shear-wave splitting in the ray-acboate LQT (L:
longitudinal; Q: radial, normal to the (L-T) plan®)stem (Vecsey et
al., 2008). The fast polarization direction F liesthe plane (Q-T)
perpendicular to the ray path and its orientatiothe plane is given by
angle@ measured from axis Q. The fast polarization dioecE can be
also defined by two Euler angles: azimgtlangle (measured from the
N axis in the horizontal plane) and inclinati@angle (measured from
the Z axis oriented downward in the vertical plane)

4.2 Method and Data

Preliminary SKS splitting parameterg, @t) are obtained by using SKSspl.f shear
wave splitting code (lvan, 2001). For the bettezumacy of the obtained results, the
date are re-analysed by using automated shear syditng code Ass.f (Teanby et
al., 2004). Both codes were based on the splittmmgection method of Silver and
Chan (1991). In Silver and Chan’s method (199%hear-wave analysis window is
manually selected. The best correcting splittingapeeter pair is calculated within
the manually selected window by using a grid sealgorithm. After the splitting
correction, it is expected that the particle moi®hnear and corrected waveforms in
the analysis window match. In the Teanby's code0420 shear wave analysis
window is not manually chosen, instead, splittiraggmeters are calculated over a
wide range of different analysis windows. Thus,usttparameters are obtained since
the shear-wave analysis windows are chosen autcaiigtand objectively in this
code.
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In this study broad-band teleseismic earthquaka filaim three different broad-band
stations, Istanbul (ISK), Ankara (ANTO) and Ispaft8P), are used to examine
fossil and current deformation of the upper mah#deeath the north-western, central
and southwestern Turkey (Figure 4.4). Variation coherency of the splitting
parameters between stations provides wider aspectsee the extent of the
deformation model in the area around the statidfm. ANTO (IRIS-GSN) and ISP
(IRIS-GE) stations, data are provided from IRIS®illl online earthquake
database. For ISK station data are provided byKDERI-NEMC. To use in SKS
splitting analyse, earthquakes with a magnitudatgrethan 5.0, focal depth greater
than 100 km are chosen from the epicentral distheteeen 85° and 110°. From the
earthquakes which fit mentioned criteria above, dhes with good signal to noise
ratio are selected after visual inspection. Foedhstations, over 450 earthquakes are
found to meet the criteria. After examining data araveforms, only ones with clear
SKS phases are selected. The selected earthquaki&Kf (41.0656°N, 29.0592°E),
ANTO (39.867°N, 32.794°E) and ISP (37.823°N, 3(’E2Ztations are given in
Table 4.2, 4.3 and 4.4 respectively. List of thetfequakes studied in the thesis are
given in Appendix B.

©
Black Sea
@c—)

%

©
¢ 42°

@éQ

5 EY. R &@,\ e
! 2 '3 > } 3
£ £ = Y
T ALK
i’@{ AJ2O mm/yr

30°

30°

18° 28 30° 36° 42°

Figure 4.4 : ISK, ANTO, ISP broad -band stations used ia thesis and
GPS displacement vectors of Turkey (Mc Cluskslgt2000).
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Table 4.2: Selected earthquakes fistanbul broad-band station (ISK). (-) latitudes
represent south direction, (-) longitudes represast direction.

DATE

Lat

Lon

Depth

Mag

(year/month/day) () ©) (km) (Mw) Region
2004/07/25 240 104.02 577.5 7.3 Indonesia
2003/05/26 6.8 123.75 559.7 6.8 Phlippines
2002/10/12 -8.26  -71.53 535.9 6.8 Western Brazil
2002/10/03 742 115.77 315.2 6.2 Bali Sea
2000/08/07 -7.02  123.36 648.5 6.5 Banda Sea
2000/08/06 2886  139.56 394.8 7.3 Bonin Island
2000/06/16 -33.88  -70.09 120.02 6.4 Argentina
2000/05/12 -2355  -66.45 225 7.2 Argentina
2000/04/23 -2831  -62.99 608.5 7 Argentina
2000/03/28 2234  143.73 126.5 7.6 Volcano Islands
1999/05/10 -5.16  150.88 138 7.1 New Britain
1999/05/04 -5.59  149.57 150 7.4 New Britain
1998/08/20 2893  139.93 441 7.0 Bonin Island
1998/03/04 -8.15  -74.24 165 6.6 Peru-Brazil
1997/12/22 72 14787 179.3 7.2 Eastern New

Guinei

Table 4.3: Selected earthquakes for Ankara broad-band st@ANTO).

DATE Lat Lon Depth Mag ,
(year/month/day) ©) ©) (km) (Mw) Region
1998/04/03 -8.15 -74.24 165.0 6.6 Peru-Brazil
1997/11/28 -13.74 -68.79 586.0 6.7 Peru-Bolivya
2002/09/08 -3.23  142.87 33 7.5 New-Guinea
1997/07/06 21.97 142.83 241 6.2 Mariana
1996/06/09 17.44 145.46 149 6.5 Mariana
1997/10/06 9.79 125.78 106 6.4 Phlippines
2003/07/27 -19.84 -64.94 347.6 6.0 Bolivia
2003/06/20 -7.5 -71.62 553.0 6.7 Western Brazil
2003/05/26 6.8 123.75 559.7 6.8 Phlippines
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Table 4.4 :Selected earthquakes for Isparta broad-band std&®).

DATE Lat Lon Depth Mag ,
(year/month/day) (o) ©) (km) (Mw) Region
1996/11/02 -7.56 117.30 302.0 5.8 Bali Sea
1997/01/23 -22.0 -65.72 276.2 7.1 Southern Bolivia
1997/02/19 456 -76.49 100.7 5.8 Colombia
1997/12/22 -5.50 147.87 179.30 7.2 New Guine
1999/04/05 -5.59 149.57 150.0 7.4 New Britain
2000/02/26 9.41 -78.53 65 6.1 Panama
2000/03/03 -7.32 128.49 141.9 6.3 Banda Sea
2000/04/23 -28.38 -62.94 609.8 6.1 Argentina
2000/05/12 -23.55 -66.45 225 7.2 Jujuy Province
2000/06/16 -33.88 -70.09 120.2 6.4 Chile -Argentina
2000/06/21 14.11 144.96 112.2 5.9 Mariana Island
2000/10/04 11.12 -62.56 110.30 6.1 Winward Island
2001/03/14 0.45 121.89 109.40 5.9 Sulawesi
2001/06/29 -19.52 -66.25 273.9 6.1 Southern Bolivia
2002/10/12 -8.26 -71.53 535.9 6.8 Western Brazil
2003/04/27 -8.14 -71.51 545.7 5.9 Western Brazil

Basic steps to prepare the data for SKS splittmadyais are given below:

1) SAC2000, Seismic Analyses Code, (Goldstein.efl899) is used for reviewing
and cutting the data. Therefore, to process dat@A@, format conversion (Seed-
SAC) is applied to vertical and horizontal compdsesf the data using RdSeed code

in Linux.

2) Arrival times of SKS phases of the earthquakes calculated using IASPEI
automatical calculation code. Inputs parameters tfe code are; focal depth,
magnitude and epicentral distance of the earthquadeording to the origin time of

the earthquake, arrival time of the SKS phasedcsthtion is calculated.
3) Three components of the data are cut properilydade the SKS phase.

4) For noisy data, band-pass filter is applieddtadvith in the range of 0.02-0.3 Hz
(lvan, 2001).

5) SKS phase initial times of the data componergsaitten to data header in SAC.

After the basic steps, data are recorded to beepsed in the splitting code ASS.f.
Parameters such as start times of the analysisowinénd time of the analysis
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window, increment for the start and end of the winddistance between shear wave
onset and start of the window are provided to cbgleuser to obtain the best
polarization direction ¢), delay time §t) couple using a grid search algorithm,
repeating the analysis through different analysisdaws. To decrease the influence
of noise and prevent cycle skipping, the seledteé tvindow on the records should
be representative of the shear wave and long enuigiclude several periods of the
dominant frequency. To stabilize the results artlice cycle-skipping effects, start
of the window should be chosen slightly beforedhset of the shear wave. It is also
important that over a wide range of different asaywindows, splitting parameters
are stable to provide robust measurements (Te&tl®¢). The code transforms data
into radial, transverse components and providegtealooutput of corrected
components after the processing data (Figure 4.5).
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Figure 4.5: An example of the processed data using ASS.f. &jidR (R) and
transverse (T) components. b) Corrected radial a&rmhsverse
components. S: start of the SKS phase; F: endeofSKKS phase; A:
start of the analysis window.

After the correction has been applied, energy antthnsverse component should
disappear on the corrected transverse componetibelmnalysis window, fast and
slow components witldt delay time should also match after the correctmd

elliptical particle motion should be linear. An exale for the fast and slow
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components before and after correction is giverFigure 4.6 a. Particle motion
diagrams before and after the correction are disengn Figure 4.6 b.
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Figure 4.6: Fast (dashed line) and slow (bold line) wavefoanbefore and b) after
the correction (upper diagrams). Particle motiaagdam, a) before and
b) after the correction (lower diagrams).

An example for the grid search step of the proceggven in Figure 4.7. The best
pair of splitting parametergp,(dt) marked by a cross (+) sign in Figure 4.7 minimizes
the energy on the transvers component, provideaiiparticle motion and clears off
delay time between the fast and slow components.tiiick contour line around the
cross (+) sign in Figure 4.7 represents 95% confideinterval for the calculated
splitting parameters. For each single earthquake;da pair is estimated. Calculated
parameters for each station are given in rose amgron the map of Turkey in

Figure 4.8.

Figure 4.7: Contour diagram with the bgsair of splitting parameterg-ot
(“+” symbol) after a grid search is performed.
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Since only 17 good quality seismic events out @lrlye250 earthquakes are chosen,
the data to be processed are limited. Also baakvathal coverage of the data for all
three stations is poor (Figure 4.9). Testing of miksible solutions causes large
amount of models which are difficult to handle. Doethis difficulty, models are
constrained using geological data and priory infmion from ANTO and ISK
broad-band stations which are 230 and 379 km away 1SP broad-band station.
Average SKS splitting parameters ape43.7, 0t=1.96 s for ISK station ang=43°,
o0t=0.74 s for ANTO station. Fast polarization direns are consistent with each
other. Obtained delay times indicate that anisgtrigprelated to the upper mantle
anisotropy (Silver and Chan, 1988) . Sandvol e(2003) investigated shear wave
splitting parameters for the Eastern Turkey. Acouagdto their results, the fast
polarization directions are mainly NE-SW orientadhe Eastern Turkey with delay
times from 0.7 s to 2.0 s. ISK and ANTO stationsoathow similar polarization
directions and do not show azimuthal variationg(Fé 4.10) suggesting one layer
anisotropy model with a horizontal symmetry axaga and Boztepe-Glney,
2005). However, splitting parameters of ISP statioatter betweeq@=56°- 205" and
0t=0.3 — 0.4 s showing back-azimuthal variationss@bed back-azimuthal splitting
parameter variations may result from complicatedsaropic structures such as
dipping axis of symmetry, laterally varying anisgiy or multilayer anisotropy
beneath the ISP station. One of the models is ayerl anisotropy model with a
horizontal symmetry axis (Silver and Savage, 1994h order to explain the
azimuthal dependency of the splitting parameters 8P station with the

backazimuth, a two-layer modeling is performed.

¢ 270

Figure 4.9: Azimuthal distribution of the earthquakes usedtlie analysis. Green
squares, red squares, blue stars indicate eartbguadcorded at ISK,
ANTO, ISP broad-band stations, respectively.
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Figure 4.10: Backazimuthal distribution oSKS splitting parameterg and ot for
a) ISK and b) ANTO stations.

Two-layer anisotropy models with a horizontal synmpexis are tested using the
average splitting parameters calculated at ANTOI&kdstations @(¥3°, ot[1 s) as
the constrain parameters for the upper layer ofppaposed model. The best fitting
two-layer anisotropy modekpE4(°, dt=1 s (upper layer)p=15C, & =2 s (lower
layer) has been derived from the analytical equati@quation 4.3, 4.4, 4.5) given
by Silver and Savage (1994) given in equations @edented in Figure 4.11 a and b
(curved lines). In the presence of two anisotrdgyers, measured apparent splitting
parameters show azimuthal variations. Following tlegivations, ifa;, = 2@ ,,
whereq, > is the angle betweep, (backazimuth) and the fast polarization direction
of the layer (1,2), le1 .= wdty 22, and define gays, Cc, Csby:

a, = CcoY, cosb, —sing sind, cos@, —a,)
a,; = —sing sing,sin(a, - a,) 4.3)
C_=cosf sing, cosa, +cosd, sing, cosa, '

C, = cosg sing, sina, + cosf, sing; sina,
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Then, the apparent splitting parameieyandB,can be expressed as,

tana, =

tand, =

2
a ppt C32
a,a, +C.C,

a,n

(4.4)

C, (4.5)

C.cosa, -C_sina,

a,sina, —a,; cosa
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Figure 4.11: a) Delay times &), and b) fast polarization directiong) (versus
back-azimuths for the ISP broad-band station. Caled delay times
(@) and polarization directions (b) are marked bled triangles
together with their error bars. Delay timés (a) and polarization
directions @ (b) obtained from the model studyp=@40°, ét=1 s for

upper layerg=15C, & =2 s for lower layer) for two-layer anisotropy
models are plotted with the curved lines.

Pn anisotropy observations sustain informationteelao the uppermost mantle

whereas SKS anisotropy estimations preserve infoomdrom the upper mantle.

77



Therefore comparative evaluation of Pn anisotropg &KS anisotropy provide
better interpretations in terms of anisotropic cnee of the upper mantle. Pn
anisotropy of Turkey is studied by Al-Lazki et €004) and given in Figure 4.12. It
is suggested that anisotropy orientations are NWhSHEhe east of the Sea of
Marmara and change direction around the centralgmal turn to NE-SW in the west
of the Sea of Marmara.

" (Caspian

rections of:

sKs Spliting <~ B
- Ll \
GPS Vector Lz:m,-‘; -
Pn Anisotropy -~ . —

Figure 4.12:Pn anisotropy map of Turkey comparing GRStors and SKS
splitting measurements in the Eastern TurkdyLgkki et al., 2004).

Calculated SKS splitting parameters indicate twgetaanisotropy for ISP broad-
band station (upper layep=40°, &t=1 s, lower layergp=15C, &t =2 s) and one layer
anisotropy for ISK ¢=43.7, &t=1.96 s) and ANTO @43, ot =0.74s broad-band
stations.
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5. DISCUSSION and CONCLUSIONS

The deep geodynamic processes effect tectonicewanldtion of the Earth’s crust
and mantle significantly. The features on the Eardurface and ongoing deep
geodynamic processes are not mutually exclusivetiGents should be evaluated
together with their deep roots since their evohuti® determined by the rheological
properties and the density of materials in thegpleots. This thesis aims to deduce
rheological implications of seismic reflection matts and also correlate seismic
anisotropy and existing results of prior studiegshia Sea of Marmara. To achieve
this, multi-channel deep seismic reflection datd earthquake data are processed.
Seismic reflection patterns are obtained by praegssnulti-channel seismic
reflection data, acquired for the SEISMARMARA 20@iltidisciplinary project, in
the Sea of Marmara deep basins. The data is thied@ep seismic reflection data
acquired in the Sea of Marmara and the resultsnapertant since they provide the
first insights to understand the nature of the degarts of the basins, the shallow
parts of which are already densely investigatedafOdt al., 1999; 2004; Le Pichon
et al.,, 2001; Seeber et al.,, 2004; Demirket al., 2007; Carton et al., 2007;)
Teleseismic earthquake data of KOERI-NEMC ISKaiétul) broad-band station
are used to determine seismic anisotropy in thetlmawrhich is an efficient tool to
correlate tectonics with mantle dynamics. For pptetation purposes, data of two
broad-band stations ISP (Isparta) and ANTO (Ankara)processed and the results
are correlated with those obtained from ISK broadebstation. Results of prior Pn
anisotropy studies are also used as complemengdayid the interpretation. Deep
seismic reflectivity, SKS and Pn anisotropy areduse understand deformation

characteristics of different levels of crust anchitex

Deep seismic reflectivity patterns beneath thedesesins of the Sea of Marmara are
compared in terms of their depth (twt) and vistiilji.e existence of lower crustal

and Moho reflections). Obtained seismic reflectipatterns display remarkable

changes for the three deep basins of the Sea omdtar (Tekirdg, Central and

Cinarcik Basin). Seismic stack sections of gssed seismic lines (Appendix A),
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exhibit different deep crustal seismic reflectiqfi@ble 3.4). Comparison of W-E
extending seismic stack sections (Line 11c, 11bldr&] reveals a quite complicated
scenery. From west to east, dense upper crustaictiehs are observed on the
seismic sections of three deep basins. Lower drustgsmic reflections are
distinguishable on Line 11b (the Central Basin) ame 11a (the Cinarcik Basin).
Beneath the TekirgaBasin (Line 11c), reflections from the slopes luvé fTekirdg
Basin obscure most of the crustal reflections pnamg nature of the lower crustal
reflections from being visible, but on the westpart of the section, the base of the
lower crustal reflections are around 7 s twt. Omgtack section of Line 11b (Central
Basin), diffuse lower crustal reflections are visilwith the base of lower crustal
reflections around 7-8 s twt. Nature of lower caliseflections change beneath the
Cinarcik Basin (Line 11a). They are multiple bamdslower crustal reflections

disappearing after 8 s twt.

Moho reflections are not clear beneath the Tekiralad the Cinarcik Basins on the
W-E extending stack sections. Only clear Moho wotiters identified from W-E
sections are beneath the Central Basin. They aibleviaround 11 s twt as dense
reflections confined to a band after a quite tramspt area from the base of
reflections.

Seismic stack sections of NE-SW extending linesagse complicated . Unlike E-W
extending lines, depths of NE-SW extending linesdifferent from each other (12,
17, 7 and 8 s twt for the lines 22b, 40a, 143 aBd, Xespectively) which makes

comparison more difficult for shorter twts.

Dense and complex upper crustal reflections, thestnmomplex of which are
identified on the Line 40a (Central Basin), aresprdg for all of the NE-SW
extending lines. Lower crustal reflections are nddible for the Line 22b (the
Tekirdaz Basin), which exhibit a transparent area after dhestal reflections. The
lower crustal levels are quite complex for the Lé#®@a (the Central Basin) since
diffractions accompanied by dipping upper cruseflections are visible on the
seismic stack section. Deep crustal reflectionsttier Line 40a seem to reflect the
same complexity as the upper crustal reflectionshensection. Line 130 and Line
143 are two parallel NW-SE extending lines acquirethe Cinarcik Basin. Both of

the seismic stack sections of those lines exhibitilar views indicating no
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prominent reflections after 6-7 s twt. On the seétsstack section of Line 130,

multiple reflections obscure lower crustal refleos.

Moho reflections exist on the seismic stack sectbnhe Line 22b (the Tekirga
Basin), which are visible between 10-12 s twt gspuig reflections. Beneath the
Central Basin (Line 40a) similar dipping and disommous Moho reflections are
distinguishable after 9 s twt. No clear Moho refil@es are visible on the seismic
stack sections of Line 143 and Line 130 (the CukaBasin).

The general lack afhantlereflectivity has been attributed to the compasdyivhigh
viscosity and/or rather mono-mineralic mantle cosipon (Meissner, 1989).
Synthetic seismograms were produced for threerdifiteMoho models by Braile and
Chiang (1986) to investigate the information conteh the reflection data. The
seismograms were calculated for three laterally dgeneous Moho models at
frequencies of 5, 10 and 20 Hz to illustrate thel#ode and waveform responses of
these possible Moho models (Figure 5.1). Accordiogthe study, the velocity
gradient model for Moho may represent an explandio the apparent absence of

Moho reflections on reflection profiles.
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Figure 5.1: Seismic reflections of three laterally different Movelocity models at
three different frequencies ( Braile and Chian§6)9
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Different crustal seismic reflectivity patterns éxh differences with changing
tectonic regimes being independent of acquisitiold grocessing parameters
(Allmendinger et al., 1987; Trappe et al., 1988)isTconclusion is deduced after the

compilation of many deep seismic reflection prafilcquired by different scientific
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groups such as COCORP in USA, LITHOPROBE in CanB#ORP in Germany,
ECORS in France and BIRPS in Great Britain. A coragie study of the products
of different deep seismic reflection profiles ofetltontinental crust permitted a
classification of seismic reflectivity patterns th& also used in the interpretation of
the processed SEISMARMARA lines used in this studlassification of seismic
reflectivity patterns (Sadowiak et al., 1991) igam in Figure 5.2.

Bands of reflections (Figure 5.2 b) and diffraciaccompanied with upper crustal
reflections (Figure 5.2 d) are characteristic obmeseismic reflectivity patterns,

which are identified, in the processed SEISMARMAR#es of the Cinarcik Basin

(Line 11a)and the Central Basif.ine 40a)respectively.

Bands of reflections and lamallae are observedafteNestern and Central Europe
(BIRPS and ECORS, 1986; Liuschen et al., 1987; Kampet al., 1986) and in the
Basin and Range Province of the Western UnitedeStdtamellae and bands of
reflections in the lower crust are widespread iung extensional areas. It is
suggested that the younger the extension, the dethse reflective layering:
Paleozoic extensional areas exhibit only Moho beeftectivity, while Cenozoic
extensional areas show pronounced lamellae or phaltbands of enhanced
reflectivity over much of the lower crust (Sadowatkal., 1991).

In the SEISMARMARA multi-channel seismic lines, loianof reflections (Line 11a,
between ~3-5 s twt) observed in the Cinarcik Basimt out an extensional area
which is consistent with the reported complex fooachanisms related to the
normal faulting in the central part (Sato et alQ02). Chapter 1 and prior
SEISMARMARA results (Carton et al., 2007) indicdtasin bounding faults with
significant extensional component of motion. Diéftians with inclined upper crustal
reflections are mostly observed in the middle avdo crust. This pattern was first
recognized on DEKORP line 2-S (DEKORP Res. Grd@85) in the area of the
suture zone between Variscan Maldonubian and 8asogian units in southern
Germany (Sadowiak et al., 1989). Similar examptesodserved in KTB profiles in
Germany, BIRPS lines around Britain, USGS and COEQfofiles in USA
(Sadowiak and Wever, 1990) and in Australian pesfi(Goleby et al., 1988). The
strong similarity of seismic patterns of those seHerossing seismic profiles leads to

the conclusion that the typical patterns could béiagnostic tool for identifying
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continent-continent collisions in areas where owdps are hidden by e.g., post

collision sediments (Wever and Sadowiak, 1991).
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Figure 5.2: Classification of crustal seismic reflectivity fganhs: a) lamellae,
b) bands of reflections, c) diffractions, d) diffteons accompanied
with upper crustal reflections, e) seismic croceslilf) decreasing
reflectivity with depth, g) deep-reaching, steeplipping reflection
zones, h) ramp and flat structure, i) seismic exgBSadowiak et al.,

1991).

As stated in the previous paragraphs, diffractiovith inclined upper crustal
reflections are identified on the seismic sectiohghe Central Basin (Line 40a).
The Sea of Marmara is situated in a critical lamatvhere continental collision had
taken place and also it is reported that Intra-llostiture zone (Figure 2.2) is
disguised under the Sea of Marmara (Okay and Tuys2@9). The tectonic
interpretation of the obtained seismic reflectiitgttern exhibits a consistent sight.

Apart from the uppermost crustal reflections, camplower crustal reflections
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display the traces of complex tectonic history loé tarea. Similar traces are not
followed to the east, benath the Cinarcik Basirt. @uthe seismic stack of the Line
22b (Tekirdg Basin) a keel-like structure is distinguishablenifar examples are
observed in the regions of subduction—related tec$o such as lapetus convergence
zone (Freeman et al., 1988) and Ringkobing-Fyn Highere a keel structure marks
the complex structure resulting from closure of Tlmenquist Sea (Thybo, 1997). An
example of keel-like structure from lapetus sutiiieeeman et al., 1988) is given in

Figure 5.3 for comparison with seismic stack sectd Line 22b in the Tekirda

Basin
NNW SSE
- _ T = T
74 e _ — = — = S
—_— J N — = = _ — —_— et
el T =~ — -~ =TT - = %
—_ —_— — —
od lower crust — ~ \\\ \\\ - t‘__ - /:2 §
~ - — ~—_ =, - — = _— - -1
_ = - - — ~ - =~ L —— === —_—m = = e
1 = T = e = —— _=—— | g
— = = o - —_—— — e =
—_M — = —M
11 \\_ - _;_44/- 32
= =
—== = = 34
—_ =
124 = == 36
mantle
g 0 10 km
z| C

Figure 5.3Keel-like structure from lapetus suture (Freemaal.etL988).

Deep seismic reflection patterns of two lines L22b and Line 40a probably exhibit
the traces of the Intra-Pontid suture zone butsidifficult to attain a definite
conclusion without different detailed supportingadauch as gravity and magnetic. If
a prominent gravity signature provided, that theélk has a different density
compared to the adjacent mantle, this indicates the “keel” is likely to be
composed of pure basaltic eclogite to explain neaméflectivity within relict
subduction zone complexes (Warner et al., 1996).

Evaluation of rheological implications of the craisteflectivity patterns also requires
the consideration of the parameters which affeegoldgy such as temperature,
pressure, fluids and lithology. Rheology and defation mechanisms may vary over
short spatial (shear zone) and temporal (eartheeskle) scales (Burgmann and
Dresen, 2008). The pressure-dependent increadeedfittional strength of rocks
with depth is bounded by thermally activated crgepcesses reducing viscous
strength with increasing temperature and deptho@and Kohlsedt, 1980; Goetze
and Evans, 1979). An example of strength-depth isofte different heat flow

regions is given in Figure 5.4 to show the effddemperature on the rock strength.
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Figure 5.4: Strength-depth models for different heat flow regi¢gMeissner, 1996).

In the Sea of Marmara, recent microearthquake iactthows that the focal depth
distributions are shallower than 20 km along thetemn part of the Main Marmara
Fault and shallower than 15 km along the easternopathe fault (Sato et al., 2004).
CPD distribution in the region (Figure 1.4) alsdhigxts coherent depth estimations
for the brittle-ductile transition. Depth of the Kl reflections obtained from the
seismic sections also indicates that Moho is shalfan the east than in the west

(Table 5.1) suggesting a crustal thinning from westast in the Sea of Marmara.

Pn velocities, Pn and SKS anisotropy provide sigaift contributions to the
interpretations of the mantle anisotropy. Pn phasehigh-frequency compressional
wave propagating within a high velocity mantle (lenke and Richards, 1980;
Beghoul et al, 1993). Pn wave velocity, which clesgith the physical parameters
of the uppermost mantle rocks such as temperatoraposition, presence of water
and volatiles, is often used to infer uppermost theatheology. Pn-wave velocity and
anisotropy for the region are given by Al-Lazkia¢t(2004) and presented in Figure
4.12.Higher Pn velocities (>8km/s) imply a tectonicaditable mantle lid and very
low Pn velocities (<7.8) are usually an indicatioh partial melt (Hearn 1999;
Calvert et al., 2000).

Al Lazki et al. (2004) have reported Pn velosite8 km/s for the west and <8 km/s
for the east of the Sea of Marmara. According todhta, east of the Sea of Marmara
has potential for extension and partial melt where@st of the Sea of Marmara
indicates a tectonically stable mantle lid. Pn ainggy directions for the eastern part
of the Sea of Marmara including the Cinarcik Bagigion mark an orientation of
NW-SE, rotate to the west and exhibit NE-SW origatafor the western part of the
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Sea of Marmara including the Tekifgl8asin. The results also consistent with the
prior Pn anisotropy observations in the region (He£999).

SKS anisotropy direction, which is analyzed for #est of the Sea of Marmara
(Figure 4.8), is not consistent with the Pn antgogrdata (Figure 4.12). Comparison
of those two different data is important as thegv&y information from the different
depth levels of the earth. Present-day Eurasiad fixector directions are also not
consistent for Pn anisotropy direction the eaghefSea of the Marmara. If the plate
motion is decoupled from the flow beneath it, thstfpolarization directions would
coincide with the direction of the flow but mighiffdr from the direction of plate
motion (Tanimoto and Anderson, 1984). For the vadghe Sea of Marmara, SKS
(Hatzfeld et al., 2001), Pn anisotropy (Hearn, 198BLazki et al., 2004), GPS
directions (McClusky et al., 2000) and strain dil@ts (Allmendinger et al., 2007)
are observed to be quite consistent. On the bdsteeoPn anisotropy and SKS
anisotropy, GPS vectors, it is suggested that, ther eastern Sea of Marmara
uppermost mantle and upper mantle are decoupled tine crust. The decoupling
process of continental lower crust and upper maimden the overlying crust is
defined as delamination. It causes highly reflectiower crust (as in the Cinarcik
Basin) and heating follows delamination (Meissned &ooney, 1998). A weak
lower crust is necessary for decoupling and estegienics to take place (Kay and
Mahlburg Kay, 1993). Decoupling of the crust and thantle and partial melt (low
Pn velocities) suggest weak lower crust and uppartia for the eastern part of the
Sea of Marmara. High Pn velocities, consistent GP8,and SKS anisotropy
directions suggest a strong mantle for the wes$era of the Marmara. Summary of
the evaluations of this study and parameters ofxdairom prior studies are given in
Table 5.1.

Different models are used to describe varying vieWwhe distribution of rheological

properties and strength in the Earth (Burgmann Rreksen, 2008). The pressure-
dependent increase of the frictional strength cksowith depth is ultimately bound
by thermally activated creep processes reducingouss strength with increasing
temperature and depth. Schematic view of firstiomedels of strength through
continental lithosphere are given in Figure 5.®llyJSandwich and Cream Brulee
Models (Figure 5.5 a and b) are assumed for aes#fib tectonic regime. A strong

mantle characterizes a jelly sandwich modethénmodel, weak middle and lower
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Table 5.1: Variation of different physical parameters in theee deep basins of
the Sea of Marmara.

Tekirdag Basin Central Basin Cinarcik Basin

Seismic Not dense, nearly Complex,diffractions Bands of reflections

Reflectivity transparent accompanied by dipping

(Lower Crust) upper crustal reflections.

Seismic Dipping, discontinuous  Discontinuous, complex Netc

Reflectivity

(Moho)

Pn Velocities High (> 8km/s) Moderate (~8 km/s) Low (<8kml/s)

Pn Anisotropy NE-SW (Al-Lazki et NW-SE + N-S NW-SE (Al-Lazki et
al.,2004) (Al-Lazki et al.,2004) al.,2004)

SKS Anisotropy ~ NE-SW (Hatzfeld et al., Not available NE-SW¢apa and Glney,
2001) 2009)

GPS Vectors NE-SW (McClusky et~ Transition (NE-SW/ E-W) E-W (McClusky et al.,
al., 2000) (McClusky et al., 2000) 2000)

Active NE-SW Extension NE-SW Extension NE-SW Extension

Deformation (Allmendinger et al., (Allmendinger et al., 2007) (Allmendinger et al., 2007)
2007)

Depth of Shallower than 20 km  ~20km Shallower than 15 km

Seismicity (Sato et al, 2004) (Sato et al, 2004) (Sato et al, 2004)

Magnetic Lower (-110 =30 nT) Low (-10-100 nT) High (310 - 380 nT)

Anomalies (Ates et al., 2008) (Ates et al., 2008) (Ates et al., 2008)

Crust Strong Strong Strong

Upper Mantle Strong Strong and Weak Weak

crust sandwiched by strong upper mantle and  @tngoper crust (Hirth and
Kohlstedt, 2003). In the cream brulee model, cissstrong and upper mantle is
weak due to high temperatures and water contestk$dn, 2002). According to the
banana split model, relative weakness of fault gsomay exist everywhere and
strength of the lithosphere decreases along thee flaundaries in spite of the

thermal fluids and strain effects (Brudy et al.97p

87



a Differential stress (MPa) b Differential stress (MPa) Cc Differential stress (MPa)
DO 100 200 300 400 500 600 O 100 200 300 400 500 600 0 100 200 300 400 500 604

Dislocation creep, ¢ = 10" ™~ Dislocation creep, i = 105"’ N\ Diffusion creep, £ = 1074g"!

a
o

Wet qu artz'

Wet qgartz 77 , P \ Wet quartz

e
o

= . etfeldspar  Moho (T = 680°C) Lo A D Jeldepar Lo ﬁ'\.f;tfeldspar
= 30 — = Moho (T = 780°C) ’;..-_-—
8 5 Dry olivine Wet olivine i -

In
(=)

Dry clivine

o
o

\

[o2]
(=]

Figure 5.5: Different models of varying views of the rheolodicproperties
distribution and strength in the Earth. a) Jellyn@aich Model,
b) Cream Brulee Model, c) Banana Split Model (BUagm and
Dresen, 2008).

Deep crustal reflections exhibit varying and comgied patterns under the basins.
Reflectivity points out a highly reflective lowerust and probably hot region under
extension beneath the Cinarcik Basin. In contreesdrly transparent reflectivity and
possible traces of Intra Pontid suture zone arerobd beneath the Tekirgl®asin.
Observations are also supported with Pn velocityRm/ SKS anisotropy variations,
focal mechanism solutions, aeromagnetic measureméné Central Basin seems to
be the key location for the changing rheologicabperties since investigated
parameters display moderate values between thostheofTekirdg Basin and
Cinarcik Basin (Table 5.1). Correlated data indisaveak mantle for the east of the
Sea of Marmara (The Cinarcik Basin) due to diffe@@RS, SKS and Pn anisotropy
orientations (decoupling), low Pn velocities (partmelt), thinner crust (probable
shallower Moho reflections). For the west of theaS®f Marmara (the Tekirgda
Basin), high Pn velocities, probable subductiorrdsa(comparatively cold region)
indicate a strong mantle. Differing strength of timantle requires two different
rheological models to explain the mechanical betavof the region. In the light of
the classified parameters, investigated regiorxpmessed in terms of two different
rheological models (Figure 5.5), jelly sandwich floe west and cream brulee for the
east of the Sea of Marmara considering the facdt theology and deformation
mechanisms may vary over short spatial (shear zmoa¢s (Birgmann and Dresen,
2008). Such a rheological distinction is providedthe first time in the scope of the
thesis, but detailed heat flow, gravity-magnetia anagnetotelluric future studies

beneath the basins would provide significant cbotions to the model presented.
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Cream Brulee Model

Jelly Sandwich Model
Figure 5.6: Schematianodel for proposed rheological models for the &ddarmara includindaults and bathymetry

data (Le Pichon et al., 2001). Solid lines repnesthe results obtained from processed SEISMARK
2001 lines, dashed lines represent interpolatidvwdsen obtained results.
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APPENDICES

APPENDIX A : Location Map, Stack Sections and enmteted Stack
Sections For the Processed SEISMARMARA2001 Linése L
1lc, Line 22b (the TekirgaBasin), Line 11b, Line 40a (th

Central Basin), Line 1la, Line 43, and Linde(Cinarcik
Basin).
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APPENDIX B

Table B.1: List of studied earthquakes for SKS splitting lgsia. (-) latitudes
represent south direction, (-) longitudes represarst direction.

Lat Lon  Depth Mag

DATE Region
) () (km)  (Mw)
1992/07/29  39.50  143.56.9( 6.2  OFFEASTCOASL OF MONSHU
1996/06/17 -7.14 122.587.: 7.9 FLORES SEA
1996/11/02  -7.56  117.302.( 5.8 BALI SEA
. PERU-BOLIVIA BORDER
1996/10/25 -17.38 -69.996.- 57 REGION
1996/11/12  -14.99 -75.683.C 7.7 NEAR COAST OF PERU
MEXICO-GUATEMALA
1996/12/31  15.83  -92.979.F 6.4 - ORDER REGION
1996/07/06 21.97 142.831.(C 6.2 MARIANA ISLAND REGION
1996/07/15 18.73 145.637.( 6.3 MARIANA ISLAND
1996/07/15 17.60 106 97 18.2 6.8 GUERRERO MEXICO
1996/07/20 13.86 12.6710.1 5.9 MINDORO PHLIPPINE ISLAND
1996/09/21  -19.00 -67.524.: 5.7 CENTRAL BOLIVIA
1996/09/24 15.19 -61.4417.( 5.7 LEEWARD ISLAND
1996/06/09 17.44 145.489.( 6.5 MARIANA ISLAND
1997/12/11 3.93 -75.798.( 6.3 COLOMBIA
1997/12/18 13.84 -88.782.( 6.0 EL SALVADOR
1997/09/02 3.85 -75.798.7 6.8 COLOMBIA
1997/07/10 -22.73  -70.89 33 5.9 NEARCOST OF NORTHERN
SOUTH SANDWICH ISLAND
1997/10/05  -59.74  -29.204.( 6.3 RECION
MINDANAO PHLIPPINE
1997/10/06  9.79  125.786.C 6.4 SLAND
1997/10/28 -4.37 -76.68.2.( 7.2 NORTHERN PERU
1997/10/15 -30.93  -71.238.( 7.1 NEAR COAST OF CENTRAL
1997/11/09 13.85 -88.8176.4 6.5 EL SALVADOR
PERU - BOLIVIA BORDER
1997/11/27  -13.74  -68.786.( 6.7 EGION
MINDANAO PHLIPPINE
1997/10/05  5.68  125.423.¢ 5.8 AN
1997/11/15 43.81 145.0B1.( 6.1 HOKKAIDO JAPAN REGION
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Table B.1 (Continued) : List of studied earthquakes for SK8ttsng analysis. (-)
latitudes represent south direction, (-) longitidepresent west direction.

Depth )
DATE Lat(®) Lon(°) (krFr)1) Mag(Mw) Region
NEAR COAST OF NEW
1997/12/22 550  147.87 179.3 72 oSt o]
1997/01/23  -22.00  -65.72 276.2 71 SOUTHERN BOLIVIA
1997/02/19 456  -76.49 100.7 58 COLOMBIA
NORTHERN MID-
1997/03/23 3098  -4154 10.0 59 e e
PERU-BRASL BORDER
1998/04/03 815  -74.24 165.0 6.6 o
MINDANAO PHLIPPINE
1998/05/23 814  123.73 658.0 6.0 PO
PHLIPPINE ISLAND
1998/03/08 2059 12214 1575 57 A
SOUTH SANDWICH
1998/09/01 582  -26.53 151.7 56 QY T AN
1998/09/28  -1819  112.41 152 6.5 JAWA ENDONESIA
1999/07/11 1578 -88.33 10.0 6.7 HONDURAS
1999/10/05 516  150.88 138.0 71 NEW BR'PTﬁl”éREG'ON
1999/04/05 559 14957 150.0 7.4 NEW BRITAIN REGION
1999/04/03 1317  -87.63 38.40 6.0 HONDURAS
2000/01/20 5662  -161.87  220.80 58 ALASKA PENINSUL
SANTIAGO DEL ESTERO
2000/04/23 2831  -62.99 608.5 7.0 N DEL e
2000/04/29 641  -77.06 124.6 57 NORTHERN PERU
WEST OF MACQUARIE
2000/01/01 6072  153.67 10 6.0 PAOS
2000/08/06 2886  139.56 394.8 73 BONIN ISLANDS REBE)
2000/12/12 577  -8253 33.0 6.0 SOUTH PANAMA
MINDANAO PHLIPPINE
2000/08/31 507 12321 588.3 57 DS
2000/10/04 1112 -62.56 1103 6.1 WINWARD ISLANDS
2000/10/10 628  154.63 100.0 56 SOLOMON ISLANDS
VOLCANO ISLANDS
2000/10/14 2356  141.83 1375 55 oo
MEXICO GUATEMALA
2000/10/17 1552  -92.07 1005 58 10O SURLEL
2000/06/21 1411  144.96 1122 5.9 MARIANA ISLAND
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Table B.1 (Continued) : List of studied earthquakes for SK8ttsng analysis. (-)
latitudes represent south direction, (-) longitidepresent west direction.

DATE Lat(°) Lon(°) Depth(km) Mag(Mw) Region
2000/06/27 -7.10 125.91 496.1 5.8 BANDA SEA
2000/06/29 13.03 144.54 52.4 5.9 MARIANA ISLAND
2000/07/15 -7.03 128.93 217.7 5.9 BANDA SEA

MINDANAO
2000/08/20 7.43 12.55 174.3 5.6 PHLIPPINE ISLANDS
2000/09/21 -55.71 110.62 560.9 55 JAVA SEA
EASTERN NEW
2000/09/17 -5.36 146.77 228.0 5.9 GUINEA REGION
2000/10/10 -6.28 154.63 100.0 5.6 SOLOMON ISLANDS
VOLCANO ISLANDS
2000/10/14 23.56 141.83 137.5 55 REGION
MEXICO GUATEMALA
2000/10/17 15.52 -92.07 180.5 5.8 BORDER REGION
MINAHASSA
2000/04/03 0.27 122.05 187.0 5.4 PENINSULA
SULAVESSI
SANTIAGO DEL
2000/04/23 -28.38 -62.94 609.8 6.1 ESTERO PROV.
ARGENTINA
NEW BRITAIN
2000/04/23 -5.37 151.47 105.2 5.6 REGION P.N.G.
JUJUY PROVINCE
2000/05/12 -23.55 -66.45 225.0 7.2 ARGENTINA
SOUTH OF HONSHU
2000/06/09 30.39 137.73 485.3 6.2 JAPAN
SALTA PROVINCE
2000/06/14 -24.03 -66.75 196.5 5.7 ARGENTINA
CHILE ARGENTINA
2000/06/16 -33.38 -70.09 120.2 6.4 S ORDER REGION
LUZON PHLIPPINE
2000/06/19 14.01 120.53 115.0 5.6 ISLAND
2000/07/08 -7.02 123.36 684.5 6.5 BANDA SEA
2000/01/28 -7.49 122.68 574.9 55 FLORES SEA
2000/02/15 17.68 145.40 5215 5.8 MARIANA ISLAND
2000/02/26 9.41 -78.53 65.0 6.1 PANAMA
2000/03/03 7.32 128.49 141.9 6.3 BANDA SEA
VOLCANO ISLAND
2000/03/28 22.34 143.73 126.5 7.6 REGON
2001/01/15 13.08 -88.58 74.6 5.8 EL SALVADOR
2001/02/24 -20.18 -68.69 115.9 5.8 CHILE BOLIVIA

BORDER REGION
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Table B.1 (Continued) : List of studied earthquakes for SK8ttsng analysis. (-)
latitudes represent south direction, (-) longitidepresent west direction.

DATE Lat(°) Lon(°) Depth (km) Mag(Mw) Region
2001/02/16 716 177.49 521.0 6.1 BALI SEA
EASTERN HONSHU
2001/12/02 3040  141.09 1238 65 A
SANTA CRUZ
2001/12/02  -12.74  166.66 100.5 6.0 AR
2001/11/05  -17.29  -179.25 564.1 6.3 FIJI ISLANDS RES
MINAHASSA
2001/12/09 2000  122.87 156.3 6.0 PENINSULA
SULAWESI
SOUTH OF F1JI
2001/0311  -2537  -177.97 231.0 58 et
MINAHASSA
2001/03/14 0.45 121.89 109.4 5.9 PENINSULA
SULAWESI
2001/10/22 2091  -179.13 622.5 56 FIJI ISLANDS RES
2001/06/16  -1501  -173.39 33.0 57 TONGO ISLANDS
PERU BRAZIL
2001/12/28 836  -74.22 160.6 6.0
BORDER REGION
2001/06/29  -1955  -66.25 273.9 6.1 SOUTHERN BOLIVIA
2001/06/19 2274 -67.88 146.6 5.9 CHILE BOLVIA

BORDER REGION
MARIANA ISLANDS

2001/07/03 21.64 142.98 290.0 6.5 REGION
2002/01/30 18.23 -95.69 105.4 55 VERACRUZ MEXICO
NEAR COAST OF
2002/01/16 15.50 -93.13 80.20 6.4 CHIAPAS MEXICO
SANTA CRUZ ISLAND
2002/01/31 -12.73 169.48 659.8 5.7 REGION
PANAMA COSTA
2002/07/31 8.12 -82.58 33.0 59 RICA BORDER
REGION
SOUTH OF HONSHU
2002/08/02 29.32 139.04 424.5 6.2 JAPAN
2002/08/02 29.28 138.97 426.1 6.3 JAPAN
SAN JUAN PROVINCE
2002/09/24 -31.41 -68.94 117.3 6.4 ARGENTINA
EASTERN NEW
2002/09/29 -6.27 146.38 118.6 54 GUINEA REGION
2002/10/03 -7.42 11.77 315.2 6.2 BALI SEA
2002/10/12 -8.30 -71.74 534.3 6.9 WESTERN BRAZIL
2002/10/12 -8.26 -71.53 535.9 6.8 WESTERN BRAZIL

124



Table B.1 (Continued) : List of studied earthquakes for SK8ttsng analysis. (-)
latitudes represent south direction, (-) longitidepresent west direction.

DATE Lat(°) Lon(°) Depth (km) Mag(Mw) Region
SOUTH SANDWICH
2002/11/12 -56.5 -27.46 117.0 6.1 'SLANDS REGION
SANTIAGO DEL
2002/11/29  -28.82 -63.01 595.2 5.3 ESTERO PROV.
ARGENTINA
2002/12/21 4.97 123.12 596.3 5.4 CELEBES SEA
CHILE ARGENTINA
2003/01/07  -33.59 -69.76 110.7 6.0 SORDER REGION
2003/02/01 16.59 -92.78 205.2 5.5 CHIAPAS MEXICO
2003/04/27 -8.14 -71.51 545.7 5.9 WESTERN BRAZIL
2003/05/16 18.71 -100.93 116.8 4.9 GUERRERO MEXICO
SAN JUAN PROVINCE
2003/05/18  -31.28 -68.66 115.4 5.5 ARGENTINA
2003/05/24  -14.52 -71.44 142.6 5.4 CENTRAL PERU
MINDANAO PHLIPPINE
2003/05/26 6.80 123.71 559.7 6.8 ISLANDS
MEXICO GUATEMALA
2003/05/27 15.24 -91.55 200.0 4.7 REGION
2003/06/12 -5.99 154.76 184.7 6.2 SOLOMON ISLANDS
2003/06/20 7.5 -71.62 553.0 6.7 WESTERN BRAZIL
2003/06/21 -7.58 127.78 165,5 5.9 BANDA SEA
2003/06/24 18.33 145.4 400.0 4.9 MARIANA ISLANDS
2003/07/15 2.6 68.38 10.0 7.6 CARLSBERG RIDGE
2003/07/21 -5.51 148.96 190.1 6.3 NEW BRITAIN REGION
2003/07/21 18.88 -100.74 133.3 4.9 MEXICO
2003/07/08 -6.97 -71.80 517.5 5.2 WESTERN BRAZIL
2003/07/08 17.52 -94.51 139.1 4.6 CHIAPAS MEXICO
2003/08/04  -60.53 -43.41 10.0 7.5 SCOTIA SEA
2003/08/16 -4.59 151.77 156.6 5.3 NEW BRITAIN REGION
SOUTH ISLAND NEW
2003/08/21  -45.18 167.12 33.0 7.0 ZEALAND
2003/08/25 14.07 -91.05 116.9 6.0 GUATEMALA
2003/08/28 -7.28 126.08 412.0 5.6 BANDA SEA
2003/09/11 15.26 -91.66 179.7 46  MEXICO GUATEMALA

BORDER REGION
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Table B.1 (Continued) : List of studied earthquakes for SK8tting analysis. (-)
latitudes represent south direction, (-) longitidepresent west direction.

DATE Lat(°) Lon(°) Depth (km) Mag(Mw) Region
CHILE BOLIVIA
2003/09/17 -21.41 -68.05 127.3 6.1
BORDER REGION
VOLCANO
2003/11/11 22.32 143.25 101.0 59  |SLANDS REGION
2003/12/25 18.41 -6867 1411 5.0 MONA PASSAGE
PERU BRAZIL
2003/12/28 -9.71 -71.17 562.8 49  5ORDER REGION
SALTA
2004/01/13 -22.65 -63.41 532.7 5.1 PROVINCE
ARGENTINA
MINDANAO
2004/01/29 6.31 126.87 222.6 5.7 PHLIPINE
ISLANDS
SANTIAGO DEL
2004/02/04 -26.05 -63.31 560.3 4.9 ESTERO PROV.
ARGENTINA
MICHOACAN
2004/02/06 1851  -102.45 100.8 4.8 VEXICO
JAN MAYEN
2004/04/14 71.09 -7.52 10.0 6.0 |SLAND REGION
SOUTHWESTERN
2004/02/21 -58.43 -14.96 10.0 6.6 ATLANTIC
OCEAN
STRAIT OF
2004/02/24 35.14 -4.0 0.00 6.4 CIBRALTAR
MAURITIUS-
2004/02/26 -18.17 66.42 10.0 6.3 REUNION
REGION
2004/06/10 55.68 160.0 188.6 6.9 KAMCHATKA
QUEEN
2004/06/28 54.80 -134.25 20.0 6.0 CHARLOTTE
ISLANDS REGION
SOUTH OF
2004/06/29 -51.60 139.62 10.0 6.4 AUSTRALIA
AUCKLAND
2004/07/01 -50.6 162.88 10.0 62 s ANDS REGION
VANCOUVER
2004/07/19 49.68  -126.94 22.0 63 S ANDS REGION
SOUTH OF
2004/08/07 51.75  -166.31 8.0 6.0 ALEUTION
ISLANDS
SOUTH OF
2004/09/28 -52.52 28.02 10.0 6.4 AFRICA
VANCOUVER
2004/11/02 49.28  -128.77 10.0 66 |5 ANDS REGION
NORTH OF
2004/12/23 -49.31 161.35 10.0 8.1 MACQUARIE
ISLAND
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Table B.1 (Continued) : List of studied earthquakes for SK8tting analysis. (-)
latitudes represent south direction, (-) longitidepresent west direction.

DATE Lat(°) Lon(°) Depth (km) Mag(Mw) Region

SOUTHERN MID-

2005/02/16 -35.70 -16.34 10.0 6.4 ATLANTIC RIDGE
SOUTHERN MID-
2005/02/16 -36.32 -16.56 10.0 6.6 ATLANTIC RIDGE
NORTH OF
2005/03/06 84.94 99.15 10.0 6.3 SEVERNAYA ZEMLYA
NORTHERN
2005/03/28 2.09 97.11 30.0 8.7 SUMETERA
INDENOSIA
SOUTH SANDWICH
2005/05/18 -56.41 -26.86 102.2 6.0 ISLANDS REGOIN
PRINCE EDWARD
2005/07/04 -42.28 42.37 10.0 6.3 ISLANDS REGION
JAN MAYEN ISLANDS
2005/07/25 71.08 -7.45 10.0 55 REGION
2005/10/29 -45.27 96.96 10.0 6.5 SOUTH INDIAN RIDGE
LAKE TANGANYIKA
2005/12/05 -6.22 29.83 22.0 6.8 REGION
SOUTHWESTERN
2006/01/02 -60.93 -21.58 10.0 7.4 ATLANTIC OCEAN
2006/07/30 72.17 0.84 10.0 4.9 NORWEGIAN SEA
2006/08/20 -61.03 -34.37 10.0 7.0 SCOTIA SEA
2006/09/06 -55.37 -28.98 10.0 6.8 SOUTH SANDWICH

ISLANDS REGION

127



128



CURRICULUM VITA

Candidate’s full name: AslihanSapa

Place and date of birth:  Istanbul, 1977

Permanent Address: IL.T.U.

Universities and Colleges attended:

2001-..... — Ph.D., al.T.U. Faculty of Mines, Department of Geophysical
Engineering

1999-2001—M.Sc., aL.T.U. Faculty of Mines, Department of Geophysical
Engineering

1995-1999-- Bc.S., dtT.U. Faculty of Mines, Department of Geophysical
Engineering

1991-1995 -- Macka Anatolian Technical High Schodliomputer
Department

Publications:

Sapas, A. and Boztepe-Glney, A., 2009. SKS splitting in thearta Angle,
the Southwestern Turkey: Anisotropic Complexity Mantle, Journal of
Earth System Science, 118 71-80.

Sapas, A., and Boztepe-Giliney, A2006. The analysis of SKS splitting in
Isparta, 17" International Geophysical Congress, 14-17 November 2006,
Ankara, Turkey.

Sapas, A., BoztepeGiney, A., 2005,The analysis of SKS splitting in
Western Turkey,International Earth Sciences Colloquium on the Agean
Regions, Abstracts Book , p.262., Dokuz Eylul University-7 October
2005,izmir, Turkey.

Sapas, A., and Boztepe Guney, A2004. The analysis of SKS splitting in
Ankara, Central Turkey, 16™ International Geophysical Congress, 7-10
December 2004, Ankara, Turkey.

Demirba, E, DGunudr, D.,Sapas, A. and Sarikavak, K2003 Investigation
of the Active Tectonism in the Central Marmara Bably Geophysical

129



Means.International Workshop on the North Anatolian, East Anatolian and
Dead Sea Fault Systems: Recent Progress in Tectonics and Paleoseismology
and Field Training Course in Paleoseismology, p.32, Middle East Technical
University (METU), 31 August - 12 September 20@8)kara, Turkey.

Sapas, A., Yolsal, S. and Boztepe Glney, A2003 Investigation of SKS
Splitting in the Upper Mantle Beneath the Ispartagi@n. International
Workshop on the North Anatolian, East Anatolian and Dead Sea Fault
Systems: Recent Progress in Tectonics and Paleoseismology and Field
Training Course in Paleoseismology, p.161, Middle East Technical
University (METU), 31 August - 12 September 20@8)kara, Turkey.

130



