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ABSTRACT

INVESTIGATING CRUSTAL STRUCTURE OF THE
MARMARA REGION USING LOCAL TOMOGRAPHY
AND SEISMIC ANISOTROPY METHODS

The crustal structure underneath the Marmara region was investigated by uti-
lizing local tomography and shear wave splitting methods in this study. These regions
have high seismicity and are thus of serious importance to seismic risks. The first
part of the research was based on travel-time tomography utilizing local moderate and
microseismic events occurring in the study area recorded by the Multi-Disciplinary
Earthquake Research in High-Risk Regions of Turkey project and Kandilli Observa-
tory and Earthquake Research Institute. We had chosen 2,131 seismic events and
92,858 arrival times in total, comprising of 50,044 P-wave and 42,814 S-wave arrival
times. The mapped earthquakes were gathered in the segments of the fault that has
high seismicity. Low velocities were observed beneath the central Marmara Sea at 5 km
depth. Also, the 2006 Mb =5.3 Manyas-Kus Golu (Manyas) earthquake had been ret-
rospectively “stress-forecasted” utilizing changes in time-delays of seismic shear wave
splitting to evaluate the time and magnitude at which tension-modified microcracking
reaches fracture criticality within the stressed volume where strain is released. We
observed that clear decreases in delay-times before the impending event, especially at
the station GEMT are consistent with the anisotropic poroelasticity (APE) model of
fluid-rock deformation, but we could not observe similar changes at other stations sur-
rounding the main event. The logarithms of the duration of the tension accumulation
are proportional (self-similar) to the magnitude of the impending event. Although time
and magnitude of the 2005 Manyas earthquake could have been stress-forecasted, as
has been recognized elsewhere, shear wave splitting does not appear to provide direct

information about the location of impending earthquakes.
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OZET

LOKAL TOMOGRAFI VE SISMiK ANIZOTROPI
YONTEMLERINI KULLANARAK MARMARA
BOLGESININ KABUK YAPISINI ARASTIRMAK

Bu galigmada, lokal tomografi ve kayma dalgasi ayirma yontemleri kullanilarak
Marmara bolgesinin kabuk yapisi incelenmigtir. Bu bolgeler yiiksek sismiklige sahip-
tir ve bu nedenle sismik riskler i¢in ciddi 6neme sahiptir. Seyahat siiresi tomografisine
dayali ilk olan bu kisminda; Tiirkiye'nin Deprem Riski Yiiksek Jeo-Stratejik -ancak tek-
tonik rejimleri farkli- Bolgelerinde Deprem Davraniginin Cok Disiplinli Yaklagimlarla
Aragtirilmasi (TURDEP) Projesi kapsaminda kurulan sismik istasyonlar ile Kandilli
Rasathanesi ve Deprem Arastirmasi istasyonlar: tarafindan bolgede kaydedilen lokal
orta ve mikro depremler kullanilmigtir. 50.044 P ve 42.814 S dalgasi’nin toplamda
olugturdugu 92.858 varig zamaninin tretildigi, 2.131 deprem segildi. Haritalanan de-
premler, yiiksek sismisiteye sahip fay segmentlerinde kiimelenmigtir. 5 km derinlikte,
Marmara Denizi'nin merkezi altinda diigiik hizlar goriillmistiir. Ayrica, 2006 Mb=5.3
Manyas-Kug Golu (Manyas) depremi retrospektif olarak “stres-tahmin” edilmesi i¢in;
modifiye edilmis stresten kaynakli mikro ¢atlaklarin gerilme hacminin gerginligin arttigi
hacim i¢inde kirilma kritikligine ulastigi zaman ve biiyiikliigii degerlendirmesi, sismik
kesme dalgas1 boliinmesinin zaman gecikmelerindeki degigimler kullanilmigtir. Bu de-
prem oOncesinde, ozellikle GEMT istasyonunda, gecikme stirelerinde belirgin diigiigler
gozlemledik, bu da, sivi-kaya deformasyonunun anizotropik poroelastisite (APE) mod-
eli ile uyumludur. Ancak, bu depremin yakin cevresindeki diger sismik istasyonlarda
benzer degisiklikleri gozlemleyemedik. Stres birikimi siiresinin logaritmalari, olmasi
muhtemel olan deprem biyiikligii ile orantilidir yani kendine hastir. Kesme dal-
gasi ayrimlanmasi yontemi ile, 2005- Manyas depreminin zaman ve biiyiikligii stres

degisiminden Ongoriilse de, depremin lokasyonu hakkinda bilgi tiretilememigtir.
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1. INTRODUCTION

Throughout history, many devastating earthquakes such as August 17 and Novem-
ber 12, 1999, earthquakes occurred in the Marmara region. Their magnitudes are
Mw=7.5 and Mw=7.2, respectively. According to geological and geophysical studies
(e.g., Ambraseys, 2002; Karabulut et al., 2003), the region is one of the most seismi-
cally active areas in the world. Although many earth scientists investigate this area
with different geophysical and geological tools such as local tomography, the detailed
crustal structure of the study area is not yet known. The main subject of interest
is how present-day and past dynamical processes within the Marmara region have
evolved through time. Knowledge about this question is currently limited. In partic-
ular, microearthquake activities and its source mechanisms in the Marmara Sea are
also not known well. Therefore, this region is still tectonically and geologically inves-
tigated. Considering the tectonic and geologic structure of the study region, it may
be seen that particularly the North Anatolian Fault (NAF) plays a significant role
in its tectonic evolution. Therefore, our study area is extended to cover the west-
ern segments of the NAF. After the last devastating earthquakes, a large number of
broadband stations were installed in Turkey and particularly in the Marmara region.
Therefore, we were able to collect a strong dataset recorded by stations of Bogazici
University, Kandilli Observatory and Earthquake Research Institute (KOERI) and the
Scientific and Technological Research Council of Turkey (TUBITAK) during the Multi-
Disciplinary Earthquake Research in High Risk Regions of Turkey project (TURDEP)
to investigate the crustal structure of the Marmara region and surrounding areas by

using local tomography and shear wave splitting methods.

1.1. The Structure of The Thesis

In the thesis, firstly a geological overview of the Marmara region and surround-
ing areas is given in chapter 2, in particular, the tectonic evolution of the NAF. This
chapter also includes previous geological and geophysical studies done in the study

area. In chapter 3, information about instruments and collected data is given in de-



tail. Relocation processing of the collected data is also given in the chapter. Detailed
information about the quality of data is discussed in this chapter. Local tomography
method is described in chapter 4. Then, results obtained from this method are pre-
sented in chapter 4. In addition to this method, shear wave splitting method is utilized
in this study. In chapter 5, the splitting method, and its results are given. In chapter 6,
the derived results from both the methods are discussed and the thesis concludes with
a summary of the study and the main conclusions drawn from the local tomography

and shear-wave splitting analysis.



2. GEOLOGICAL AND GEOPHYSICAL BACKGROUND

As first, the early and present geologic history of the Anatolian plate will be
summarized in this chapter. Then, the geologic and tectonic structure of the study re-
gion will be reviewed and detail information about previous geological and geophysical

studies carried on the Marmara region will be also be presented.

2.1. Geological Background

Looking at the geological past of the Anatolian plate, it has been fundamentally
formed between the two mega-continents: Gondwana to the south and Laurasia to
the north. The Eurasian and also the Arabian—African plates have enforced a pushing
pressure to the Anatolian plate (e.g., Sengdr and Yilmaz, 1995) (Figure 2.1). As a
result of these interactions between the plates, the Anatolian plate is moving west-
ward relative to Eurasia in eastern Turkey at roughly 40 mm/yr (Pichon et al., 1995),
however, starts moving southwesterly in western Turkey (Jackson, 1994). An inter-
play of this movement and also the geological process of the Mediterranean layer to a
lower place the Turkish plate causes a N-S expansion and E-W shortening in western
Turkey. As a consequence of this, the area is underneath expansion in a NNE-SSW
direction. Also, recent geodynamic researches (e.g., Hippolyte et al., 2016) indicated
that the present geodynamic structure of the Anatolian plate has been ruled by tec-
tonic interactions between the plates and the ongoing internal deformation along their
boundaries. Additionally, staring at the tectonic structure of Turkey, Turkey lies at
intervals the Alpine-Himalayan orogenic zone. The findings of Gonciioglu (2010) in-
dicated that Early Tertiary is the time of Alpine collisional period and accompanied
by the generation of the big post-transtensional and transpressional basins. The inter-
actions cause a large variety of complex tectonic processes like collision, subduction,
back-arc extension, strike-slip faulting and rotation of different blocks and microplates

at intervals a comparatively little region.



Figure 2.1. A simplified tectonic map of Turkey and surroundings. (AB) Antalya
Basin; (BS) Bitlis Suture; (EAF) East Anatolian Fault; (EAP) Eastern Anatolia
Plateau; (EBSB) Eastern Black Sea Basin; (IA) Isparta Angle; (HA) Hellenic Arc;
(CA) Cyrus Arc; (IZ) Istanbul Zone; (MM) Menderes Massif; (NAF) North Anatolian
Fault; (TB) Thrace Basin; and (WBB) Western Black Sea Basin.

As indicated in Figure 2.2, many oceanic and continental “terranes” with distinct
geological components formed the Anatolian plate. In particular, the present dissemi-

nation of the terranes is associated with the closure of various Neotethyan branches.

Turkey is geologically divided into three main tectonic components: the Pontides,
the Anatolides-Taurides and the Arabian Platform (Ketin, 1966). These tectonic com-
ponents, which were encompassed of oceans in the past, are now separated by sutures,
which mark the tectonic lines or zones along which these oceans have been lost (Okay,
2008) (Figure 2.3). The closure of the Neotethyan oceanic basins in the Turkish re-
gion; namely the Intra-Pontide, Izmir-Ankara, and Amanos Elazig-Van-Zagros oceanic
basins, has resulted in the emplacement of the oceanic-accretionary prism complexes

towards south onto the passive margins of the Sakarya, Tauride-Anatolide and SE



Anatolian micro-plates, respectively (Gonciioglu, 2010).
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Figure 2.2. The primary Alpine terranes formed in Turkey (Gonciioglu et al., 1997).

Northern Africa

Arabian
Platform

Figure 2.3. A view of the Mediterranean palacogeography during the Early
Cretaceous (110 Ma). Note the absence of Anatolia as a single landmass (taken from

Okay (2008)).

As stated by Gonciioglu (2010), the development of this tectonic structure is

identified with the formation fore-land and fore-deep type flysch basins, where tectonic



slices allochthonous oceanic material (ophiolite complexes, blueschist facies metamor-
phic rocks) jointly with slices of the ancient continent margin accumulations (mostly
old slope deposits) were established for tens of kilometers onto the passive margins dur-
ing the latest Cretaceous-Early Tertiary period. Goriir and Tiiysiiz (2001) indicated
that this has been maintained by the formation of countless molasses-type basins in
Anatolia during the Paleogene time. According to plate tectonic theory in the vicinity
of the Anatolian block, the Eurasian, the African and the Arabian plates border each
other. The relative movement of these plates (Figure 2.4), mainly dominate the present

tectonic regime and the seismicity of Turkey.

Figure 2.4. This map exhibits decimated GPS velocities comparative to Eurasia

determined by Reilinger (2006).

Northward movement of the Arabian plate in respect to the Eurasian plate causes
a lateral escape of the Anatolian block toward the west and the northeastern block
toward the east, resulting in right lateral movement along the NAF, which is the
boundary in the middle of the Eurasian and Anatolian plates and left-lateral movement
along the EAF, which is another transform boundary in the middle of the Anatolian
and the Arabian plates (McKenzie, 1972; Dewey and Sengor, 1979). It suggests that



the Eurasian and Arabian—African plates enforced a pushing pressure to the Anatolian
plate (Sengor and Yilmaz, 1981). All studies indicate that this force is continuing. As
a consequence of these, intensive pushing pressures against the Anatolian plate, the
seismically active NAF and EAF were developed in the plate. As shown in Figure 2.5,

these two main fault systems are conjugated in Karliova.
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Figure 2.5. This map shows the primary tectonic units developed in the study area

(dot black faults from Saroglu (1987), thick black faults from Armijo (1999). Inset:

The location of the study area within Turkey is marked red. (KTJ) Karliova Triple
Junction; (EAF) East Anatolian Fault and (NAF) North Anatolian Fault.

The NAF is one of the major continental transform faults in the world. It is
also the main boundary in the middle of the Anatolia and Eurasia plates and extends
E-W across Turkey for over 1600 km (see Figure 2.5). The right-lateral, the absolutely
strike-slip tectonic regime that characterizes the NAF over its eastern part from the
Karliova Triple Junction (KTJ) splays in the Sea of Marmara region into three main
fault segments, the Northern, the Middle and the Southern strands (Barka, 1992). The
Northern and the Middle branches bound the Sea of Marmara (see Figure 2.5). The



NAF poses a significant seismic risk for the big cities around the Sea of Marmara,
especially Istanbul. In present, the NAF is hosting along an undeformed branch un-
derneath the Marmara Sea (Schmittbuhl et al., 2015). Geologic studies (e.g., Smith et
al., 1995) indicated that the Sea of Marmara is located in a transition zone where the
right-lateral strike-slip character of the NAF meets with the extensional character of
Aegean. In the Eastern Sea of Marmara, a transition region happens from the right
lateral strike-slip to the Aegean expansion zone (Armijo et al., 2005). In the light of
the above, it could be said that the Marmara region is located in the NAF system.
The mentioned above system in the middle of the Bosphorus and the Dardanelles is
generally defined as a transition region between the strike-slip regime of the NAF to
the east, and the expansion regime of the Aegean Sea to the west (e.g., Giirbiiz et al.
2000). Tectonic units in the area are characterized by the splitting of the NAF into

three segments running more or less in an EW direction.

Looking at the geology of the studied region in detail, it can be clearly observed
that the fundamental geologic properties of the Marmara region indicated in Figure 2.6
are principally constituted of three parts: the Sakarya zone (Ophiolites and Ganitoids)
and Karakaya Complex are clustered as Sakarya zone in Figure 2.6, Istanbul zone and
Istranca massif (Ketin, 1973; Okay, 1986). The Istanbul Zone is a little continental
fragment, about 400 km long and 70 km wide located in the southwestern margin
of the Black Sea (Figure 2.5), has been described by a well-developed, unmetamor-
phosed and minor deformed continuous Paleozoic sedimentary succession extending
from Ordovician to the Carboniferous overlain with a major unconformity by latest
Permian to lowermost Triassic continental red beds (Okay, 1986). The Istanbul zone
is certainly distinct from the tectonic components located in the surrounding area due
to its stratigraphy, the nonexistence of metamorphism and lack of major deformation
(Okay, 1986). The Sakarya zone is defined by a variably metamorphosed and seriously
deformed Triassic basement called the Karakaya Complex (Figure 2.6) overlain with a
major unconformity by Liassic conglomerates and sandstones which passes up to Mid-
dle Jurassic-Lower Cretaceous limestones and Upper Cretaceous flysch (Okay, 1986).

In contrast to the Istanbul zone, the Sakarya zone does not have a Paleozoic basement.



The Izmit Gulf is an east-west trending dynamic graben system. It is dynami-
cally influenced by the interplay between the NAF and the Marmara Graben system
(Onder Cetin et al., 2004). The graben is enclosed by two horsts: the Kocaeli Penin-
sula to the north and the Armutlu Peninsula to the south, indicating quite distinct
geomorphological features, and by well-defined fault scarps (e.g., Onder Cetin et al.,
2004) (see Figure 2.5) and 2.6). The Armutlu Peninsula and the surrounding areas
within northwest Anatolia include three geologically distinct zones: southern, central
and northern. The southern zone corresponds to the Sakarya Continent and substan-
tially includes thick Mesozoic sedimentary sequences (Yilmaz et al., 1995). The center
zone basically comprises of the Iznik metamorphic accumulation and Geyve meta-
ophiolite. The northern zone is known as the Armutlu metamorphic accumulation
and fundamentally comprises of indistinctly-metamorphosed rocks, evaluated as the

Rhodope-Pontide basement (Yilmaz et al., 1995).

latitude, degrees

Istanbul Zone Uludag Complex

Anatolia-Tauride B °° &
. ; natolia-Tauride =
._ Istranca Massif T Units .g
Jurassic-L.Tertiary - _ £
Cover Ophiolite 1000 g
Karakaya Complex - Granitoid
-1500

Figure 2.6. The main geological components of the Marmara region (modified by

Okay (1986) after Ketin (1967)).
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In addition to the Gulf of Izmit, another important gulf is the Gemlik Gulf which
is located along the Middle strand of the NAF (Figure 2.5). Although GPS data (e.g.,
McClusky et al., 2000; Meade et al., 2002; Straub et al., 1997) show that slip rates
at the Middle NAF strand are much lower (few mm/yr) than those at the northern
branch, morphological and bathymetric data clearly indicate that this region is quite
active and has a diffuse set of faults and fractures visible at the seafloor and controls

the formation of the Gemlik Bay depression (Gasperini et al., 2011).

2.2. Geophysical Background

As mentioned in section 2.1, the geologic structure of the study region is very
complex. Several geological and geophysical studies (e.g., Barig et al., 2005; Honkura
et al., 2000; Koulakov et al., 2010; Okay et al., 2000) have been carried out to under-
stand tectonic evolution and geologic structure of this area. For instance, a 3D local
tomography technique was applied to travel time data derived earthquakes from 1985
to 2002 occurred in the Marmara region by Barig et al. (2005). As a result of this

study, they observed strong lateral heterogeneity in this area.

Another significant research of this region was carried out by Koulakov et al.
(2010). Low speeds underneath the primary sedimentary basins (e.g., Adapazari,
Diizce, and Kuzuluk are indicated in Figure 2.5) were observed in this study. In ad-
dition to this, high-velocity and low attenuation patterns were observed in the study.
The findings well corresponded with blocks assumed to be solid (Almacik, Kocaeli and

Armutlu blocks are indicated in Figure 2.5 and 2.6).

Furthermore, the combined analysis of magnetic and gravity fields, electrical and
magnetotelluric measurements (e.g., Honkura and Igikara, 1991; Honkura et al., 1985,
2000) have uncovered obvious anomalous zones associated with the uncertainty of the
extent of fracturing in diverse branches of the NAF. Similar features were also found by
the analysis of the consequences of the joint modeling of gravity and reflection seismic

data gathered in the Sea of Marmara (Adatepe et al., 2002).
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Different research groups (e.g., Giirbiiz et al., 2000; Nakamura et al., 2002; Salah
et al., 2007) investigated in the crustal seismic structure of the western part of the NAF
by using tomographic methods. 2-D tomographic seismic velocity image (Karabulut et
al., 2003) is another study which revealed that in the eastern Marmara region along a
N-S trending seismic refraction profile traverses Cinarcik Basin in the Sea of Marmara
(see Figure 2.5). Plenty of the researches were based on the inversion of P- and S-wave
travel-time arrivals from local seismicity recorded by stations belonging to temporary

and /or permanent networks.

In a study carried out by Tunc (2008), the three-dimensional velocity structure of
the Marmara Region was investigated by tomographic inversion method. For this study,
LOTOS-07 algorithm developed by Koulakov et al. (2007) was used. This study shows
that the three-dimensional structure of the crust under the Marmara Region down to
15 km depth is in good resolution. Further, it was observed that the findings from
the study are coherent with previous gravity, magnetic and electromagnetic profiling
studies for the region and as well as previous tomographic images obtained by other
researchers ( e.g., Giirbiiz et al., 2000; Nakamura et al., 2002; Karabulut et al., 2003;
Salah et al., 2007).

Other important projects consisting of A Multi-Channel Marine Seismic and 2-D
Wide Angle Reflection Refraction were done (Bécel et al., 2009; Laigle et al., 2008) in
this region. In particular, the profiles of the projects present only information about the
depth variations of the basement of up to 7 km between the North Marmara Through
(NMT) and its surroundings. Bayrake: et al. (2013) used the first 16000 arrival times of
artificial sources and inverted them with the well-known local earthquake tomography
(LET) code Simulps (Thurber, 1983) to reveal the 3D upper-crustal heterogeneity of the
NMT. Although these studies cover a similar area, their findings indicate substantial
incoherences. For the first time, crustal anisotropy underneath the whole Marmara
region was investigated by utilizing shear wave splitting method (see Polat et al.,
2012). In that study, the 2006 Mb=>5.3 Manyas-Kus Golu (Manyas) earthquake has
been retrospectively “stress forecasted” using variations in time-delays of seismic shear

wave splitting to appraise the time and magnitude at which stress-modified micro-
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cracking reaches fracture criticality within the stressed volume where strain is released.
The method is very convenient for characterizing variations in tension before and after
the impending earthquake, however, it is not enough to reveal changes in the velocity

structure of the investigated region.

In Ph.D. thesis study, Caka (2012) analyzed crustal anisotropy developed in Ar-
mutlu Peninsula and surrounding area placed eastern Marmara Sea in between two
strands of North Anatolian Fault (NAF) utilizing direct observation, aspect ratio,
cross-correlation, and particle motion diagrams methods. Results from the study indi-
cated that stations located around geothermal sources have different polarizations, but
dominant polarizations from the other stations seem parallel to the maximum stress
direction of the study area. Scattered polarizations in stations near geothermal sources
interpreted as an effect of the high-pressure underground water in shallow depth of the

area.

Finally, it can be said that although many studies for understanding the district
have been performed, the detailed crustal structure of the study region, especially
the southern part of Marmara region, is unknown in detail. In our study, we aim to
construct the new crustal model of the entirety of the Marmara region by utilizing a new
strong dataset. We will thus produce new information about the whole region based

on knowledge obtained from the local tomography and shear wave splitting analyses.

Considering destructive earthquakes (the 17 August 1999 Kocaeli earthquake
(Mw=7.4) and the 12 November 1999 Diizce earthquake (Mw=7.2)) in the Marmara
region, it is clearly noticed that the historical and recent seismicity of the Marmara
region is plenty high. This heavy seismically activity enables us to collect strong
datasets. At the same time, this high rate of seismicity is of a vital significance for the
earthquake risk in the Marmara region because of a majority of Turkey’s population
and a large number of industrial centers located there. For this reason, such a study is
significant to acquire mighty and trustworthy information with regarding the crustal

structure of the investigated region.
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3. DATA

In chapter 3, information about instruments and collected data is given. Reloca-
tion processing of the collected data is also presented. The chapter is completed with

detailed information about the quality of data discussed.

3.1. Seismometers

For this study, data from broadband and short-period stations (Figure 3.1) in-
stalled by Bogazici University, Kandilli Observatory and Earthquake Research Institute
(KOERI) and the Scientific and Technological Research Council of Turkey (TUBITAK)
during the Multi-Disciplinary Earthquake Research in High Risk Regions of Turkey
project (TURDEP) in the Marmara Sea region were gathered.

The short period and broadband seismic stations must have three components.
5 OBS stations were also used (Figure 3.1). All seismometers from KOERI acquired
continuous data between 2005 and 2011. The on-line broadband stations of the TUR-
DEP project were also used. There are a few stations of Prime Ministry Disaster and
Emergency Management Authority, Republic of Turkey (AFAD) utilized in this work.
The majority of the utilized receivers are permanent. The OBSs from KOERI recorded
seismic events between the dates of 2006 and 2011. During this study, we additionally
added some permanent KOERI stations (Figure 3.3) to our fundamental stations (Fig-
ure 3.1) to improve data quality and ray coverage locally. Some of the stations were
deployed in this area between 38°-39°N and 26° -30°E. Others were installed between
39°-41°N and 32° -33°E.

3.2. Relocation of Collected Data
Firstly, all events within the time period of 2005-2011 based on the event catalog

of the Bogazici University Kandilli Observatory and Earthquake Research Institute
(KOERI) was mapped before the relocation analysis (Figure 3.2).
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Figure 3.1. The majority of seismic stations of the study consist of Broadband (BB),
Short Period (SP) and Ocean Bottom Seismic (OBS) stations of KOERI illustrated
by red, yellow circles, and green squares, respectively. BB and SP stations of the
TUBITAK are indicated as orange diamonds. BB stations of the Prime Ministry
Disaster and Emergency Management Authority, Republic of Turkey (AFAD) and
BB stations of other institutions are indicated as black and light blue diamonds,

respectively.

Then, more than 60 percent of all the events were discarded from the data set
due to the local magnitude less than 2. After that, nearly 4000 seismic events with
magnitudes ML>2 occurring from 2005 to 2011 in our study region between 39°—42°N
and 25.6" ~32°E geographical coordinates were relocated by using zSacWin (Yilmazer,
2003). The processed events are classified in terms of depth and magnitude (Figures
3.3 and 3.4). The used software for the seismic event processing is based on HYPO71
(Lee and Lahr, 1975). When the relocation procedure was applied to the earthquakes,
the quality of the recorded three-component waveforms was visually checked. During
this analysis, more than 800 earthquakes were removed from the dataset due to lack
of high quality. We have given particular attention to obtain a good signal to noise
ratio of the incoming wave and to detect obviously P and S phases on the waveforms
associated with the seismic events. Additionally, we applied a Butterworth filter with a

2-16 Hz band range utilizing a two-way 4-pole on the seismograms in order to suppress
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Figure 3.2. Green diamonds and red circles show the dissemination of earthquakes

before and after the relocation, respectively.

the high-frequency noise and detect precisely P and S phases on each seismogram. It is
valuable to mention here that arrival times for P and S phases were certainly controlled

by visual inspection.

If P and S wave arrivals of the seismograms are certainly visible, the phases were
manually picked. Noisy and highly attenuated S wave recordings caused by the high
attenuation of the study area were observed by some earth scientists (e.g., Bindi et al.,
2006; Horasan et al., 1998). In order to get rid of distorted recordings, waveforms were
merely analyzed by eye. In this way, exclusively the high-quality probable recordings for
further analysis were selected. For relocations, P- and S-wave readings were utilized and
the magnitudes were generally calculated by applying a duration dependent formula
generally utilized for local seismic events at the KOERI. For small and local seismic
events, the duration dependent formula is helpful (Barig et al., 2005). During the
relocation analysis, as weights for P and S waves, values of 1.0 and 0.5 were chosen.
The value of Vp/Vs ’s ratio was assumed as 1.735 for this study. Since this value was
usually utilized by KOERI for routine locations of local seismic events that occurred in

the western part of Turkey. In advance of the relocation analysis, we observed that the
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average horizontal and vertical ambiguities of the gathered earthquakes are more than
4 and 5 km, respectively. Therefore, we cautiously relocated the events to diminish
these ambiguities. Furthermore, the dataset was restricted by the following criteria: 1)
the standard error of epicenter and depth is less than or equal to 2 km, 2) the number
of P phase readings is more than 7, and 3) the rms of arrival time residual is less than
0.9 s. Besides, seismic events with azimuthal gap less than 180° and recorded by at

least 7 seismic seismometers were merely selected.

latitude, degrees

Figure 3.3. The seismic stations and earthquakes used in the study were marked with
triangles and circles, respectively. The magnitudes of the seismic events were denoted

with the colored symbols.

The final earthquake catalog comprised of local moderate and particularly mi-
croearthquakes with magnitudes ML>2. In general, microearthquakes are related to
the NAF segmentation in the Sea of Marmara, whereas the seismic events with mag-
nitude Mb >5.0 are along the NAF in the Marmara region (Figure 3.4). As seen in

Figure 3.4, the recognized seismicity in the Sea of Marmara is fairly consistent with
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the common fault geometry located in the sea.
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Figure 3.4. The used seismic stations and the selected earthquakes in this study were
marked with triangles and circles, respectively. The used events are color-coded in

accordance with the focal depth

But, it is not observed any similar compatibility between the seismic events hap-
pened in the Central and Cinarcik basins. It is clearly observed that the seismic activity
of the investigated region concentrates at the left and right boundaries of the northern

branch of the NAF in the Sea of Marmara.

In this catalog, the greatest event is the 2006 Manyas EQ with magnitude Mb=
5.3. After the happening of the seismic event, no earthquake greater than magnitude

5.0 has been recorded in the Sea of Marmara during the 5-year-period of the study.

A few earthquakes occurred in the southern part of the study region, are arti-
ficial blasts, are related to mining work. But, here the events were not utilized as
active sources because of the lack of their origin times and coordinates in the catalog.

Therefore, in the relocation procedure, the events were processed as passive sources in
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the same way as earthquakes. Later, such the artificial blasts were removed from the

catalog because of no available or too weak S waves.
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4. LOCAL TOMOGRAPHY

A local tomography method is described and the results of local tomography

obtained from this study are presented in this chapter.

4.1. Local Tomography Method

During this study, the selected events were successfully analyzed by using a local
earthquake tomography (LET) method. For the tomographic inversion analysis, the
LOTOS code (Koulakov, 2009) was used. This code has been successfully implemented

to different datasets by many earth scientists such as Bianchi et al. (2013).

A general structure of the main steps of this code is shown in Figure 4.1. The
detailed inversion structure for the code is presented in Figure 4.2. The Vp-Vp/Vs
inversion scheme has the same structure of programs, however only for node parame-
terization (see Koulakov (2009) for detail information about the code). In this analysis,
the coordinates of receivers and arrival times of P and S rays from local events to these
receivers are given as input data. As seen in Figure 4.1, a starting velocity for 1D and
or 3D, parameters for location, grid construction, inversion, and others can be defined

by the user as additional information.

1D model
Input data: optimization and
Ll Cloerilrizel — | preliminary source
stations; 1 ti
2. Arrivals times of P Oeauon
and S rays from J v

lterations (3-5
L o e [ (3-5)

Defined by user: in 3D model

Starting \reloii]t;r model (1D ) v _ Result:

or3D) : ( Parameterization P and S veloci
Parameters for location, grid . . dan velocity

C . Matrix creation 2 ol ng
construction, inversion etc. . distributions

Inversion > .
coordinates of sources

Figure 4.1. The general structure of the LOTOS code. Taken from Koulakov (2009).
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Preliminary locations and origin times of earthquakes can be provided by picking
tools and /or catalogs, but it is not necessary for the local tomography analysis because
the code starts searching for the source hypocenter either from the center of the network
or from the station with minimal arrival times (Koulakov, 2009). One of the important
features of the code is that the procedure starts with the relocation of all earthquakes
utilizing the grid search method. The algorithm of the code is based on the following
steps: 1. Simultaneous optimization for the best 1D velocity model and a preliminary
location of sources; 2. Location of sources in the 3D velocity model; 3. Simultaneous
inversion for the source parameters and velocity model utilizing many parameterization

grids.

During the analysis, steps 2 and 3 were iterated in turn one after another in many

iterations.

4.1.1. Algorithm for 1D Velocity Optimization and Preliminary Source

Location

The code algorithm for 1D velocity optimization and preliminary source location

is presented in Figure 4.3

1D model optimization

Tabulated travel times
calculation

¥

Source location
in 1D model

v

Matrix calculation

Inversion for velocity
deviations in 1D model
and source parameters

lterations (2-4) 1

1. 1D optimum model
—{ 2. Preliminary
coordinates of sources

Figure 4.3. The main steps for the 1D velocity optimization and preliminary source

locations. Taken from Koulakov (2009).
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4.2. Data

For the application of the tomographic inversion, 2131 events were chosen with
regarding two criteria: (1) the number of phase readings of both P and S data is more
than 15 in total, and (2) the deviation of residuals after 1D velocity inversion step is
less than 1 s. As a result of this, 50044 P and 42814 S travel time data were acquired.
The chosen earthquakes are illustrated in Figure 3.4. In this study, the LET method
has been successfully implemented to the chosen seismic events. For the tomographic
inversion procedure, we utilized the LOTOS code (Koulakov, 2009). As mentioned
steps before have been properly followed during the processing. We initially started

the procedure with the relocation of all earthquakes utilizing the grid search method.

Travel times from the dataset at this stage were calculated utilizing a reference
table computed prior to the relocation step. The earthquake sources were relocated uti-
lizing the 3D algorithm of ray tracing. The first iteration utilizes a starting 1D model.
However, in the next iterations, the relocation analysis is implemented utilizing the
updated 3D velocity models. During this procedure, the ray tracing was implemented

based on the bending method.

The beginning 1D velocity model was described in many depth levels with utiliz-
ing linear interpolation between levels. The upper level of the 1D model was described
at the altitude above the maximum elevation taking place in the study area. For the 3D
tomography inversion, the optimal 1D starting model was determined after many runs
of the full inversion procedure consisting of inversions and earthquake source locations

in many iterations.

As first, we start with an approximate 1D model restricted from available in
advance of information. After full inversion, we compute average absolute velocities at
a few depth levels and use these values as a starting 1D model for the next run. After
three or four runs, the velocities converge to stable values and the procedure stops.
Table 4.1 presents the resulting P and S velocities utilized as a reference model for

the ultimate results. At shallower depths, we observed higher velocities than generally
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expected in continental areas. The parameterization of the velocity dissemination was
performed utilizing a mesh of nodes distributed in the study area according to the
data dissemination. In this study, the minimum grid spacing for the horizontal and

the vertical directions are 7 and 3 km, respectively.

Table 4.1. P- and S- wave speeds in the 1D model utilized for calculations of the

primary results of this study.

Depth, km | Vp, km/s | Vs, km/s
-1 5.63 3.19
5 6.03 3.46
10 6.21 3.53
15 6.36 3.62
20 6.61 3.77
30 7.31 4.21

We have utilized ~18,000 and 16,000 nodes, which compose one grid for the P
and one grid for the S model, respectively. The grid spacing is explicitly described to
be smaller than the minimum size of resolved anomalies so that every robust pattern

in the resulting model contain many nodes.

In this situation, the resolution becomes grid independent: modifying the mesh
(i.e., shifting or rotating the grid) does not influence the solution. But, to further
reduce artefacts related to the main grid orientation, independent inversions for four

grids with distinct fundamental orientations (0°, 22°, 45° and 67°) were performed.

The inversion was implemented simultaneously for the P- and S-velocity anoma-
lies, as well as for the source parameters (3 coordinates and origin time for each event)
and receiver corrections. The quality of the resolution was examined by extra matrix
blocks, which arrange velocity gradients between neighbouring nodes. This arrange-
ment connected the velocity parameters in all pairs of neighbouring nodes and perform
the parameterization quasi-continuous. In this situation, the solution was checked by
the flattening coefficients, and not by characteristics of the grid. The values of damping

parameters and weights for various groups of parameters are experimentally described
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based on the results obtained from various tests. In particular, the correct smooth-
ing coefficient should not allow for the appearance of small contrasted patterns, which

cannot be resolved by synthetic tests and not similarly observed in the odd/even test.

The sparse matrix is inverted using the least-squares QR method (der Sluis and
van der Vorst, 1987; Paige and Saunders, 1982). After inversions in four differently
oriented grids, the results were averaged and recalculated in a regular grid. This
model is utilized as reference dissemination for the next iteration which starts with
the relocation of sources. The tomography cycle, which is repeated several times,
includes the steps of source locations in the updated 3D model, matrix calculation and
inversion. The effect of iterating and damping is similar: many iterations with strong
damping yield a similar solution as with a few iterations and weak damping. Thus,
we had preferred fixing the number of iterations at five as a reconciliation between the
accuracy and calculation speed and selecting damping coefficients to find an appropriate

solution.

After five iterations, the rms values of the P and S arrival time residuals and
their reductions were acquired as listed in Table 4.2. The residuals of the first iteration
correspond to the location in the formed1D model. Other iteration values in Table
4.2 show how the 3D velocity inversion leads to an improved data fit. The values of
the residuals obtained from the dataset are fairly different initially (0.238 and 0.419 s
for P and S data, respectively) when compared to those for a dataset collected in the
eastern Marmara region. For instance, for the eastern Marmara region (Koulakov et
al., 2010) in the first iteration, the rms of P and S residuals were 0.137 and 0.255 s.
It is significant to note that the same algorithm was utilized for data processing both
in the present and the mentioned study. It might suggest that for a prior indicator of
the amplitude of the velocity anomalies, it may be probable to utilize the rms of the

initial residuals.

The average deviations of residuals in the L1 norm during iterative inversions are
also listed in Table 4.2. It may be observed that the inversion ensures the reduction

of residual deviations by nearly 30% for P- and 47.5% for the S-wave data. The final
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average deviations seem to be compatible with estimates of the picking accuracy (0.15
and 0.20 sec for P and S phases, respectively). Larger reduction of residuals for the S
data might be related to the higher sensitivity of the S data to variations of physical

parameters inside the Earth.

Table 4.2. Average deviations of the P- and S-wave residuals and the variance
reductions after five iterations of inversion. *rms dtp and rms dts stand for the P-

and S-wave residuals, respectively.

Iteration | rms dtp* (sec) | rms dtsx (sec) | Reduction P(%) | Reduction S(%)
1 0.238 0.419 0 0
2 0.183 0.250 22.84 40.41
3 0.172 0.230 27.50 45.18
4 0.167 0.222 29.57 46.89
D 0.166 0.220 30.20 47.46

4.3. Tomography Results and Testing

P- and S-velocity anomalies in four horizontal slices at 5, 15, and 30 km depth
were indicated in Figure 4.4. The P- and S-velocity anomalies were additionally shown
for one vertical section in Figure 4.5. At shallow depths, their amplitudes were less
than 5%, whereas, at a depth of 30 km, they are less than 2%. During the application
of the inversion, the amplitude damping was reduced and the smoothing damping at

a minimal value providing stable results was also described.

The values of the inversion parameters were established with regarding the results
of synthetic modeling enabling the maximum similarity between the initial and recov-

ered models, both in terms of amplitude and the positions of the synthetic patterns.

In advance of evaluating these findings, a few tests to evaluate the resolution
and the reliability of the derived structures were performed. The results of several
checkerboard tests were shown in Figure 4.6. Here we indicated the reconstruction
outcomes for the whole of models with the anomaly sizes of 20 and 30 km and the

amplitudes of +5%.
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Figure 4.4. P- and S-velocity anomalies in four horizontal sections. Seismometers are
marked with triangles. Important faults in the Marmara Sea (same as in Figure 3.1),
were exhibited with thin lines. The black line shows one vertical section that was

chosen for showing the P- and S-velocity anomalies in Figure 4.5.

Travel times for the synthetic tests were calculated utilizing 3D bending ray trac-
ing based on the identical source-station pairs as in the real dataset. Then, they were
perturbed by random noise with an rms of 0.1 s for P and S-wave data, respectively.
The reconstruction workflow and parameters were definitely the same to those imple-
mented for the analysis of experimental data consisting of the step of the initial source

location.

Figure 4.6 indicated merely results for the P-velocity reconstructions; for the S
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model, the reconstruction quality was like and even better. It may be seen that in
shallow depths (left column), all models were properly reconstructed in most parts of
the area. The sections in the right column indicated the deepest sections where the
comfortable recovering of synthetic anomalies were reached. It can be observed that

the anomalies of 20 km size were strongly reconstructed down to 15 km depth;

The sections in the right column represent the deepest sections where the satis-
factory recovering of synthetic anomalies is achieved. It can be seen that the anomalies
of 20 km size are robustly reconstructed down to 15 km depth; 30 km anomalies were
observable down to 30 km depth, while the 50 km anomalies were restored in all depth
intervals. Based on these tests, it may be concluded that the ray configuration theo-
retically allows for reconstructing the shapes of small patterns at only shallow depths,
whereas the large anomalies of more than 50 km size are strongly recovered at all
depths. Note however that the amplitude of the reconstructed anomalies decreases
with depth. These observations should be considered when assessing the results of

experimental data inversion.

A much more significant test with independent inversions of two independent data
subsets, the so-called, odd/even test, as shown in Figure 4.7. In this situation, the whole
dataset was divided into two subsets with odd and even numbers of earthquakes. The
difference between the extracted results reflects the effect of random noise. For the P-
model, the locations of the primary anomalies are similar in both cases; however, their
shapes and amplitudes in some parts of the Marmara region were fairly distinct. For
the S-wave velocity anomalies, the comparatively strong characteristics were resolved
in shallow depths. For the deeper section, the anomalies extracted from the odd and
even subsets do not match that show a significant role of the random factor. Therefore,

the corresponding results should be commentated with prudence.
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Figure 4.5. Perturbations and absolute values of the P- and S-wave velocities in a
vertical section. Location of the profile was indicated in Figure 4.4. The dots
illustrated the earthquakes located at distances smaller than 15 km from the profile.
The topography along the profile was exhibited in the upper part of the figure. Note
that the upper surface in the velocity sections takes into account the earth’s

sphericity.
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Figure 4.6. Reconstructions of three checkerboard tests with anomaly spacing of 20
and 30 km. The shallower section is at a depth of 5 km and the deeper sections are at
distinct depths corresponding to the deepest level where the recovering is satisfactory.

Shapes of anomalies were shown with thin line contours. Triangles indicated

seismometers.
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Figure 4.7. Odd/Even test. Left and right columns are the reconstruction results for

independent data subsets with odd and even numbers of earthquakes, respectively.

Triangles indicated receivers. Significant faults in the Marmara Sea (same as in

Figure 2.5), were shown with thin lines.
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5. SHEAR WAVE SPLITTING ANALYSIS

Theoretical and applied studies of seismic anisotropy indicated that the concen-
tration of tension before seismic activities may be monitored by determining variations
in the time delays between split shear waves along a certain range of ray-path directions
in the shear-wave window (Crampin and Zatsepin, 1997; Gao and Crampin, 2004; Volti
and Crampin, 2003a, b). The study carried out by Crampin et al. (2008) demonstrated
that tension-induced variations in microcrack geometry cause variations in shear-wave

splitting.

This study is a good example to get information temporal changes in shear-wave
time-delays observed in retrospect in advance of a seismic event. In general, the men-
tioned term stress-forecasting is utilized rather than stress the different formalism. Due
to present studies, it can be said that current techniques have been insufficient to ex-
actly detect time and emplacement of earthquakes. But, it is possible to improve in
reliability and skill of the present methods relating to probabilistic earthquake fore-
casting. If these improvements in the methods would be done, time-dependent hazard
information potentially useful in reducing earthquake losses and enhancing commu-
nity preparedness and resilience can be provided (Jordan et al., 2011). In the study
carried out by Crampin (1999), it is obviously observed that when variations were rec-
ognized soon sufficient, the time, magnitude, and fault break of an M=5 earthquake
in southwest Iceland were successfully stress forecasted in a narrow time-magnitude
window. To clarify the correlation between changes in splitting parameters and low-
level (pre-fracturing) deformation, one of the most significant models is the anisotropic

poro-elasticity (APE) model proposed by Zatsepin and Crampin (1997).

Rock mass deformation is basically used in this model as a basic basis. In addition
to this, in this model, the fundamental assumption is that the cracks in the crust are
so closely spaced. Further, Crampin (2004) demonstrated that the APE mechanism
depends on fluid movement due to flow or diffusion along pressure gradients between

neighboring fluid-saturated grain-boundary cracks and low aspect-ratio pores and pore
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throats at different orientations to the tension field. Also, it was well observed that the
mentioned model was accurately calibrated in two controlled source experiments done
by Angerer et al. (2002). In this part of the thesis, it was observed that changes in shear
wave splitting results from the stations used in the study fairly are compatible with
the APE model. Before the impending earthquake, a sudden decrease in time delays
of this station was observed. Although it is easy to measure splitting parameters, it
is too hard to clearly interpret them. This problem was clearly described by Crampin
et al. (2008). This study indicated that shear-wave splitting is misunderstood and
specify 17 common fallacies in interpretation that disturb several recent analyses of
shear wave. But, utilizing swarms of micro-seismic events as the source of shear-waves,
14 characteristics variations in time delays have been observed, retrospectively, before
earthquakes worldwide, with one successful stress-forecast in real time (reviewed by
Crampin et al. (2008)). During the analysis of shear wave splitting, the mentioned
fallacies were taken into account in order to improve the reliability of the splitting
parameters. In this study, Mb=>5.3 Manyas Earthquake was selected for stress-forecast
because its magnitude was convenient to monitor the significative variations in shear-

wave splitting.

5.1. Data and Methods

For this study, only microseismic events recorded by two overlapping seismic net-
works (Figure 5.1) in the Marmara region comprising of a total of 29 stations installed
by the TUBITAK during the TURDEP Project and 33 stations deployed by KOERI
were used in order to measure splitting parameters. To monitor changes in splitting
parameters before and after the main shock called Manyas Earthquake, the three com-
ponent digital seismograms of microseismic events which occurred from January-2006
to December-2006 (Figure 5.2), were analyzed. A total of 1216 microseismic events,
in the study area between 39°-42°N and 25.7°-31.5° E geographical coordinates, were
firstly selected for the relocation analysis. For this analysis, zSacWin (Yilmazer, 2003.)
was used. This software is basically based on HYPOT71 (Lee and Lahr, 1975) (Figure
5.2).
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The TURDEP data were combined with KOERI data after September-2006. At
first, we started analyzing data recorded by KOERI’ s stations for the time period be-
tween January-September 2006. Then, we added new data collected from the TURDEP
project started installing seismic stations of September 2006 to the previous dataset.
Before the splitting analysis, arrival times of both P- and S-phases were acquired by
visual inspection to improve the quality of the dataset. Those phases were manu-
ally picked with a clear S-wave arrival, which was not always apparent due to high

attenuation in this region (Horasan et al., 1998; Bindi et al., 2006).

42
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Figure 5.1. KOERI and the TURDEP stations used for this study were represented

by red triangles and blue squares, respectively.
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Figure 5.2. The analyzed events by the ZsacWin acquired from KOERI and the
TUBITAK stations were depicted with red and blue from January to December 2006,
respectively. Here the TURDEP data were combined with the KOERI data for the
last 4 months. Also, events occurred in this region starting to be recorded by the

TURDEP stations from September 2006.

When location parameters and magnitudes of the earthquakes were calculated,
P and S-waves readings were utilized. For small and local seismic events, the duration
dependent formula is helpful (Barig et al., 2005). During the relocation analysis, as
weights for P and S waves, values of 1.0 and 0.5 were chosen. The value of Vp/Vs’
s ratio was assumed as 1.735 for this study (Barig et al., 2005). Since this value
was usually preferred by KOERI for routine locations of local seismic events. 1216
microearthquakes were used for the relocation process, however, nearly percentage of
15 of the whole dataset were thrown out from the dataset because of insufficient quality
of the events. After the relocation process, some criteria were taken into account to
select suitable earthquakes for the shear wave splitting analysis in this study. The
considered criteria were listed as follows: (1) the standard error of epicenter and depth
is less than or equal to 2 km, (2) the number of phase readings is more than 10, and (3)
the rms-value is less than 0.9 s. During this analysis, those listed criteria were definitely

considered. After that, the quality of the recorded three component waveforms was
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visually checked and those with bad channels were removed. The distance between
the recorder and the source should be less than 45 km (Figure 5.2) to obtain the good
signal to noise ratio of the incoming wave and detect obviously the impulsive character

of the S-wave on the seismogram.

The shear-wave splitting was analyzed on waveforms composed of seismic events
that were within the shear-wave window. To get rid of making dirty from S- to P-phase
conversions near the surface, the incident angle of a ray path should be less than the
critical angle inc= sin—1(Vs/Vp) with Vp and Vs being the near-surface velocities of P-
and S-waves, respectively (Booth and Crampin, 1985). For a homogeneous half-space
with a Poisson’s ratio of 0.25, the critical angle is inc~35°. Because the low-velocity,
near-surface layer outstandingly bends ray paths toward the vertical, a straight line
incident angle of 45° is adopted as the critical angle in this study (e.g., Shih and Meyer,
1990; Cochran et al., 2003).

The selected seismic events were low-pass filtered from 2 to 16 Hz utilizing a
two-way 4-pole Butterworth filter in advance of shear wave splitting analysis. Due to
the filter in this range, the high-frequency noise was suppressed. Therefore, the begin-
ning and ending points of the shear wave window for each seismogram were correctly
determined. Figure 5.3 indicates a three-component seismogram recorded by station
KMR. At the same time, the horizontal components were rotated to get radial and

transverse components shown in the figure.
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Figure 5.3. (a) A screen image from shear wave splitting analysis before splitting
processing. Three component seismogram at a rate of 100 samples per second of a
magnitude 2.8 earthquake recorded at station KMR of the TURDEP seismic network
in Marmara. The time axis is in seconds. From top to bottom, seismograms are EW-,
NS, vertical-, and rotated horizontal components, respectively. P- and S-wave arrivals
from the study seismic catalog are also marked on the original seismograms. (b)
Screen image of polarisation diagrams for possible adjustment of polarisation and
time-delay is exhibited. Fast and slow shear-wave picks are indicated in horizontal
polarisation diagrams in time interval 1S and 2S. First and last points of time-delay

and directions are detected by visual adjustment.
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The magnitude, epicentral distance, and azimuth of the example event shown in
Figure 5.3 are 2.8, 5.38 km, and 341°, respectively. The earthquake was filtered with a
low pass-band of 2-16 Hz. Then, two horizontal seismograms of the event were rotated
into fast and slow directions where the fast and slow shear-wave arrivals, indicating
obvious shear-wave splitting, were shown with vertical lines (Figure 5.3a). The screen
image of a polarisation diagram was shown in Figure 5.3. Convenient seismograms were
visually chosen for further analysis. Then, the impulsive character of the S wave was
visually windowed in terms of an ideal time window. The starting point of the S wave
should be started before fast shear-wave arrives and ending the point of the S wave
should be ended after the arrival of the slow direct shear-wave. Note that the steps
should be done before the scattered coda-waves appear. The high-quality seismogram
was windowed with care in order to determine splitting parameters consisting of the
delay time 0t between the fast and slow direct shear waves and fast polarization direc-
tion ¢. According to Crampin (1999), rises in tension enhance the average time-delay
in Band-1 directions of the windowed shear wave at the free-surface, where Band-1 are
incident rays making 15%to-45° to the plane of the parallel micro-cracks. The study
carried out by Crampin and Peacock (2008) indicated that the incident shear waves
in the remainder of the window, Band-2 directions 0°-to-15° to the crack plane, are
sensitive to crack density. In the case of the Band-2, before earthquakes, no variations
are observed. Characteristical patterns of rises in shear-wave time-delays in Band-1
directions (Crampin, 1999), showing tension concentration in advance of impending
earthquakes, were first recognized in California (Peacock et al., 1988), and later else-
where (reviewed by Crampin et al. (2008)) consisting of observations on Hainan Island,
China (Gao et al., 1998). To reveal variations in tension by utilizing shear wave split-
ting analysis in advance of the main earthquake, continuous earthquake swarms were
chosen in this study (Figure 5.4). Because of the characteristic variation in time-delays
of the shear wave, the stress-relaxation reduction was recognized whenever there was
enough swarm activity to monitor delays in time. The reduction was assessed as stress
pull-off as micro-cracks start to merge onto the fault-plane of the impending seismic

event (Crampin and Gao, 2010b).
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Figure 5.4. Dissemination of microseismic events before the primary earthquake (the
primary event: yellow star, microseismic events: red diamonds). Clusters (in black

circle) of seismic events utilized in analysis from west to east: (1) Gulf of Saroz; (2)

Tekirdag-Murefte; (3) SW Bursa; and (4) Cinarcik-Yalova (see also Figure 2.5).

As stated by these criteria, microseismic events were chosen for each station (Fig-
ure 5.5). More than half of the seismic dataset is not utilized because the seismic events
are not convenient with the criteria specified previously. An assortment of techniques
brings been developed for measuring time-delays and polarizations of shear wave split-
ting. Plenty of automatic or almost fully automatic techniques have been developed,
however, the automatic techniques are not reliable for measuring shear-wave in crustal
seismic events because of many shortcomings (Crampin and Gao, 2006). Despite vi-
sual techniques are fairly accurate, visual techniques may be not objective and are
time consuming. Crampin and peacock (2008) examined basic fallacies in elucidation

concerning seismic shear wave splitting of the crustal structure of the Earth. In par-
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ticular, the major trouble for determining shear-wave splitting parameters over little
earthquakes is that shear-waves have muddled signatures under three component seis-
mograms where the polarizations, and especially time-delays, would intensely scattered
and shift generally in time and space (Crampin and Gao, 2006). Cross-correlation sys-
tem has been utilized by a lot of researchers (e.g., Fukao, 1984; Gao and Zhen, 1995)
to identify splitting parameters, in spite of the fact that there would some issues for
cross-correlations. A standout amongst those issues may be that it is difficult to make
the decision on convenient ends for windows of cross-correlation analysis. On different
words, the impact of distinctive endpoints, and distinctive techniques about comple-
tion the window might effectively impact those similarly little impacts of shear-wave
splitting on a little fragment of the wave-train because of the working of the generally
large-amplitude shear and surface-wave coda (Crampin and Gao, 2006). Another is-
sue will be that the waveforms of the fast and slow split shear wave arrivals are not

frequently totally comparable.

The comparable issue may be watched for orthogonality between the polarisations
of the fast and slow shear wave because they would not totally orthogonal. This demon-
strates that direct cross-correlation of autonomous fast and slow shear wave-trains is
usually difficult. If microearthquakes happened in the Earth’s crust would use, it is
could reasonably be expected to watch such issues at almost all surface observations of
shear wave splitting. However, such issues would not be observed for teleseismic shear
wave splitting because fast and slow shear-waves usually have similar waveforms and
also do not have the heavy shear- and surface-wave coda typical of crustal earthquakes.
Consequently, it might a chance to be said that cross-correlation method may be a suit-
able procedure for estimating parameters of shear-wave splitting in the mantle (Silver
and Chan, 1988, 1991) that can’t constantly make dependably connected to surface
observations over earthquakes in the crust. The aspect-ratio technique is also used to
measure splitting parameters. Shih et al. (1989) and Shih and Meyer (1990) developed
an “aspect-ratio” technique by sequentially rotating seismograms for maximum linear-
ity. This technique is not useful if the time-delays between the shear-waves is a really
little. But, Shih et al. (1991) independently calculated time delays by aspect-ratio

techniques and by cross-correlating rotated seismograms.
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Note that Teanby et al. (2004) utilized the covariance method of silver and
Chan (1991) to automatically measure shear-wave splitting from hydrocarbon reservoir-
induced events recorded by borehole recorders. As specified above, the subsurface
recordings of really little local seismic events were simple signals without near-surface
and surface-wave contamination, and the records effectively indicated fleeting changes
in shear-wave splitting. In contrast, Peng and Ben-Zion (2004) also utilized the method
of silver and Chan (1991) to measure shear-wave splitting in the maintained crustal
seismicity along the Karadere-Duzce segment of the NAF in the 6-month period ac-
companying the 1999 Mw 7. 4 Izmit and Mw 7. 1 Diizce earthquakes. In an endeavor
to treat crustal earthquakes, Peng and Ben-Zion (2004) pass the ~20,000 event data
through 10 “objective” quality criteria which left only ~30% of the records as accept-
able data. The shear-wave arrivals begin muddled shear- and surface-wave waveforms
and do not have the simplicity of upper mantle arrivals. However, the significant issue
is local topography. The majority receivers are located in a relatively narrow valley
on the edge of the Almacik Block which rises from ~100 to ~1500 m in ~3 km (Peng
and Ben-Zion, 2004). In such irregular topography, the shear-wave polarisations are
heavily distorted by topography immediately around the receiver, and the records may
be hard to be assessed (Booth and Crampin, 1985; Evans et al., 1987; Crampin and
Gao, 2005).

In this study, we determined splitting parameters by utilizing the methods of
aspect-ratio, cross-correlation, and systematic analysis of crustal anisotropy (Peng
and Ben-Zion, 2004) to acquire definitely high quality splitting parameters. When
the results from the methods are compared, it is noticed that the aspect-ratio and
cross-correlation are more reliable than the automatic systematic analysis of crustal
anisotropy (Peng and Ben-Zion, 2004). Ultimately, such results from the automatic
techniques result in making unreliable explanations on orientation and level of anisotropy

(Crampin and Peacock, 2008).



41

P
(7 LS -
N S e
a O
40° i
26° 28 30° 32

Figure 5.5. The earthquakes are utilized to measure splitting parameters at station

YLVX. In total, seismic event distances are smaller than 45 km.

5.2. Results of Splitting Analysis

Robust seismic event groups in the Marmara region (Figure 5.4) before the 2006
Manyas EQ are located in dynamic fault systems in the region (Figure 2.5). We
analyzed and relocated seismic event grouping in space and time before and after the
2006 Manyas earthquake in order to reveal the build-up of tension before seismic events
and the tension discharge as earthquakes happen. The dissemination of seismic activity
in the study region is not uniform in the period January-December 2006. In this way,
we inspected the circulation of microearthquakes in longitude and latitude specified in
terms of Julian day (day number of a year) and depth to comprehend the principle

character of seismic tension in the region (Figure 5.6a, b).

We also inspected the correlation between magnitude and time (Julian day) be-
cause we expected changes in magnitude would be identified with time and tension

aggregation comparative to the fault system (Figure 5.6¢). But, we recognized that
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magnitudes of most of the earthquakes are indistinctly less than 3 during 1 year (Figure
5.6¢). This means that the magnitudes of the earthquakes did not remarkably change
before and after the 2006 Manyas EQ.

Most of the microearthquakes occurred at shallow depths from May 2006 to
August 2006 between 27.8°-29.3° longitude and 40°-40.7° latitude. Continuous well-
distributed seismic activity was watched during one year-2006 (Figure 5.6a, b, c).
Here the goodness of Figure 5.6¢ fitting a data set comprising of the magnitude and
the Julian days of the analyzed seismic events with a fit 1 model is a great visual way
to analyze the fitted curve. The bound was characterized by the level of assurance of

95%.

A smooth variation between magnitude and Julian day was watched (Figure
5.6¢). As observed in this figure, the proportional connection between magnitude and
Julian day is not available. This finding also indicates that it is possible to identify the
intricate redistribution of stresses and dynamic strains imposed by the disturbances of

the primary event.

In this section of the study, a few stations were chosen in terms of the distances
to the primary event so as to see variations in tension before the primary event and
analyze them with one other (Figure 5.7a, b, ¢). In addition to this, as selecting the
station, distances between the receivers and event groups were considered (Figure 5.4).
Remaining stations except the selected stations were much far from the event groups.
Therefore, the seismometers were not chosen for the splitting analysis. The extensive
distance between an earthquake and a seismometer may increase the amplitudes of the
S phase, this makes difficult to determine correctly the starting and the ending time of

the S phase on the waveform.

The distorted S wave relating the high attenuation was thus removed. The seis-
mic event swarm was especially robust during May-2006 (Figure 5.2). Time-delays in
Band 1 at station YLVX abruptly diminished almost on May-2006 (Figure 5.7a). By

the way, there is however an obvious rise in time-delays in Band-2 at station YLVX
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between mid-July and mid-August, 2006 (Figure 5.7a). According to the splitting
measurements from 1 January 2006 to 20 October 2006, a spreading behavior in time-
delays was obviously observed at station YLVX (Figure 5.7a). From 0 to 25 km, the
number of seismic events, additionally bit by bit expanded from January 2006 to 20
October 2006 (Figure 5.6a). This might be related to stress concentration before the
2006 Manyas-Kus Golu earthquake. The average focal depth also little by little en-
larged during the period. From 20 July 2006 to 10 October 2006, similar spreading
behavior in time-delays is obviously watched at GEMT in spite of the few splitting
measurements. Depth range is not stable because of continuous changes in depth pa-
rameter of microearthquakes during the period at the surrounding region of the GEMT.
The anisotropic pattern in lag times at station YLVX is much like to station GEMT
from 20 July 2006 to 10 October 2006 (Figure 5.7a, b). Despite the fact that both
stations YLVX and GEMT are located relatively closely, weighted average polarization
direction at station GEMT is not comparable to station YLVX (Figure 5.8).

The MRMX station is closer to the 2006 Manyas EQ than the YLVX and GEMT
stations. We watched that delay times are almost spreading until mid-July 2006 (Figure
5.7c). The scattering pattern is recognized in the Band-1 and the Band-2. After
mid-July 2006, delay times suddenly diminish. However, it is hard to evaluate the
observation because our measured parameters are very restricted between May 2006

and mid-July 2006.

Weighted average splitting measurements are also determined for each station
utilized in the study. But, for some stations, weighted average splitting parameters are
vague for example, ENEZ. This implies that delay times are 0.3s bigger than expected.
For such stations, weighted average polarization directions are not indicated on the
splitting map (Figure 5.8). In spite of the fact that dissemination of weighted average
for per station from microearthquakes is not uniform, most of the weighted average
fast polarization directions in the western part of the study are nearly NE-SW but at
RKY Station. Weighted average fast polarization directions in eastern Marmara are
extremely diffusing (Figure 5.8). In spite of the fact that some stations are located

in a small region, their weighted polarization directions are almost perpendicular to
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cach other (Figure 5.8). The number of microearthquake bit by bit diminished after
the primary event. However, some stations, for example, station GEMT, still indicate
remarkable changes in delay times (Figure 5.9). Assumed delay times are strikingly
increased in Band-2 (Figure 5.9). This might be identified with the area of the station
in one of the segments of the NAF (Figure 2.5).



Distribution of the events in Julian day versus Longitude

Distribution of the events in Julian day versus Latitude

32 42 3
. . .
T8 . :'- = . . . 415
59, , .0 vy e .. ]
[ L A 2% 5 oo I® o Ky . o o 41+
= B R Yt U T R ny RdAS A
T 280 5 1y, Adet et , 8 4050
HECT R h L S R
o . . . =] .
§ & 0 of¥ 5 ¢ 5 40
3 26f . . e [ .
. 3950 &
24 r r I r r L Pl 39 hd . N
0 50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
Julian Day Julian Day (a)
Distribution of the events in Longitude versus Depth Distribution of the events in Latitude versus Depth
% % S o 1
.. . .‘ .
= 20F =0 , ** ".,. R _
g : NS X
= 150 . = 151 %s,* iﬁ"&,’o o b
: £ ., o ¥,
£ 10 2 oo, .‘ g STV, ﬂ... . A
...;-‘ G ¢ XL YR
5 - olos o :...'.u".a;.g *A .8 3 o
R X .
0 v . . . : . 5 - o
25 26 27 28 29 30 3 32 039 395 40 40 5 M 415 42
Longitude(deg Latitude (deg) (b)
Analysis of fit "fit 1 " for dataset " Mag vs. Julian day"
4.5 T T T T T T T
—e—fit 1l
959% prediction bounds
o ~ Mag. vs. Julian day I
ﬂ x x
c .
X
S35k .
X KK e K LS 1.9
v x K X x
E x L& S K KK e TR LS8 *
Q. X x x K omxX LS 8 X oKX X LS 3§ X X
.‘e 3 = t-§ R E.-S XX B XK KX XX = x Ly -9 x e kel
L —— }LK. X X [ A S w FAR M r XK K W RN x O X =
n K — lm—nﬁ mﬂﬂ.i&‘_ﬁ!ﬂ& . RGEXE KE RO ® O K REE K
-] kxrrax xr KEXRARAE KK W.—m—lm} S = K XX X
£ bt 2 X oKXW KORAOL L N ROUN. KON K KGR R WO — oo x -
Ersksr o x = R WK N KOE KW MK K X mNE | KR ROt -
; X X X L 8 = w KRR X X X XK N S S x O X
e x X x XX X X X o XK KX x K X
E ® x S S ® x ® = ®x
X WA K K ® ®
2+ . x x E TS EE S 3 =
LS X
* x
L8 L8
1.5 I [ I [ I I I
0 50 100 150 200 250 300 350 400 (©

45

Figure 5.6. (a) Dissemination of microearthquakes in longitude and latitude versus

Julian day. Microearthquakes are marked with red dots. The primary earthquake is

depicted by a blue circle. (b) Dissemination of microearthquakes in longitude and

latitude versus depth. Microearthquakes and the basic earthquake are marked with

red dots and blue circle, respectively (c) Analysis of the correlation between

magnitude and Julian day.
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Delay time variation before the E.Q at YLVX station
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Figure 5.7. (a) Variations of time-delays between split shear waves for 1 January 2006
to 19 October 2006 at station YLVX. (b) Variations of time-delays between split
shear waves for 1 January 2006 to 19 October 2006 at station GEMT. (c) Variations
of time-delays between split shear waves for 1 January 2006 to 19 October 2006 at
station MRMX.
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Figure 5.8. Distribution of weighted average results for per station before the main

earthquake. The basic event is marked with a red star. Colored bars indicate the fast

polarization directions ¢, which have lengths proportional to the corresponding split

time (4t),

Delay time variation after Manyas EQ at GEMT

o— o T T T T T T
hl 1 H
£ ;I =
- w- % = A
i I 1 1 1 1 1 1 1 1
L = 300 205 310 315 ) 25 ) 25 0
£
= " T T T T T T
R 7
]
Z ot { 1
5
Z sF X 4
1 1 1 1 1 1
£ 30 £ zn £ ) 6 40
Magnitude versus Julian day for GEMT after Manya EQ
4 T T T T T T T
*
é ol + b
2
S 3 v, s + * i
& - +
S sl * o * &0 +*s 3 + ¢ 2 + o
“ * .
1 ' ! L L L L
20 " 200 ) £ ES 20 £ " as0 )

Julian day from 20 Oct 2006 to 31 Dec 2006

Figure 5.9. Changes in delay time after the primary seismic event at station GEMT.

Microearthquakes after the primary seismic event happened. They are marked with

asterix.



48

6. DISCUSSION AND CONCLUSION

Derived results from both methods are discussed. The thesis concludes with a
brief summary to draw the main conclusions from the local tomography and shear-wave

splitting analysis.

6.1. Discussion on the Results Obtained from the Local Tomography
Analysis

The dissemination of seismic velocities acquired from this study is quite com-
patible with the known tectonic units of the investigated area. P- and S-wave speed
anomalies were indicated in Figure 4.4 in four horizontal slices at 5, 15, and 30 km
depths and in one vertical section (Figure 4.5). We observed that in most parts of the
model, the P and S anomalies are almost like. It may suggest that some contrasts in
detail may be clarified by the perplexing structure of the crust in this area. In our case,
in the Marmara Sea region, we observed that the crust has a complex structure with
seriously modified composition and fracture zones strongly saturated with fluids. For
instance, relict igneous blocks are compatible with the measured higher P-velocities.
This suggests that the parameter is strongly sensitive to the composition. But, if these
rocks were ruptured and saturated with liquid fluids, S-wave velocity would drastically
go down. The inverse relationship between the P and S anomalies may be commonly
watched in volcanic regions and normally connected with active magma conduits for
incompletely liquid rocks (e.g., Koulakov et al., 2013, 2015). In regions of dynamic
faults, the correlation between P and S anomalies are basically regulated by the ex-
istence of volcanic rocks and the degree of cracking and saturation with liquid or gas
fluids. These and several other issues might differently affect the P- and S-velocity and

make the P and S anomalies inappropriate

The shallow portion of the crust underneath the Marmara Sea indicates important
lateral speed varieties. One of the striking characteristics of this study is that a low-

velocity anomaly in the central portion of the Marmara Sea is observed. In addition to
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this, high-velocity anomalies the at onshore parts of the study area were found at 5 km
depth. At this depth interval, comparatively high P- and S-velocity values at shallow
depths were observed in Yalova, Gazikoy, and Tekirdag (Anomalies 1 and 2 in Figure
?7?). This finding from this study is fairly compatible with the observed high seismic
activity in these regions and the results of Koulakov et al. (2010). Further, high-speed
values at the Sakarya Zone and the Armutlu Peninsula were found (Anomaly 3 in
Figure ??). The study of Yilmaz et al. (1995) indicated that the Armutlu Peninsula
is ruled by changeable assemblages. Other measured high velocities underneath the
Istanbul zone (Anomaly 4 in Figure 4.4), are fairly compatible with a well-developed,
unmetamorphosed, and minimal destroyed nonstop Paleozoic sedimentary progression

extending from Ordovician to Carboniferous (Ketin, 1973).

In contrast, we found low-velocity values underneath the central part of the Mar-
mara Sea (Anomaly 5 in Figure 4.4 ), which may be observed particularly in the
S-wave speed model at shallow depths. Thus, it could be recommended that this
finding may relate of the thick sedimentary stores of the Plio-Pleistocene or of the
alluvium districts as underpinned by the low-resistivity and gravity values (Kaya et
al., 2013; Bayrake: et al., 2013). In the Thrace area, we found a negative anomaly in
the P and S models (Anomaly 6 in Figure 4.4), compatible with the known geologic
composition of the region made of the Late Tertiary store catchment. In the southern
portion of Tekirdag Basin, low-velocity values were found at 15 km depth. The finding
low-velocity anomalies seem incompatible with active seismicity in the basin and its
surrounding area because geological researches (e.g., Okay et al., 1999) indicated that
this basin was evaluated in the Pliocene. Due to its comparatively youthful age, the
sediments in the basin are not seriously deformed. This finding suggests that there is
a subtle connection between the faulting and sedimentation. Comparative characteris-
tics might be a change to be seen in large portions of strike-slip basins, and they often
introduce an element of vagueness into the tectonic setting of these basins (Ingersoll
and Busby, 1995). Armijo et al. (2005) demonstrated that the area of the Tekirdag
Basin had a NW-SE trending transtensional state with nearly purely normal fault
mechanisms with some right lateral strike-slip and a few oblique components. Besides,

low P and S anomalies (Anomaly 7 in Figure 4.4) were found in the southern part
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of the Marmara region, especially Balikesir and Bursa, at the area within the region
from 5 and 15 km depths. At these depths, regions with high P-wave velocities are
essentially diminished. On the other hand, at these depths, we found that low-velocity
areas are little by little diminished. The observed anomalies appear to be strikingly
compatible with the known geologic composition of the tectonic structure of the area
and the encompassing territory. In recent, Erkan (2015) found moderate heat-flow
values in the interior part of the southern Marmara region. As expected, the heat flow
strongly affects seismic velocities. This observation appears successfully compatible

with, and explains, the low-velocity anomaly (Anomaly 7 in Figure 4.4).

Further, at a depth of 5 km, high P- and S-wave speed varieties were found in
the Kuzuluk Basin and encompassing areas. But, Likewise, like patterns in this region
were not be found at a depth of 15 km. In the study of the focal mechanism, Tibi et al.
(2001) suggested that the west-east extension developed in the Kuzuluk Basin. Besides,
some earth scientists (e.g., Greber, 1994; Belin et al., 2002) suggested that several warm
wellsprings are compatible with the pull-apart enlargement. A comparative system of
the pull-apart basin opening have been previously suggested for the Sea of Marmara
(e.g., Armijo et al., 1999; Pondard et al., 2007). Based on the observations from this
study, it might be said that the low-speed anomalies found at a depth of 15 km in
this area might be identified with the pull-apart basin. At depths of 5 and 15 km,
low-velocity anomalies (Anomaly 8 in Figure reffig:figurel3) were found underneath
the little district between the eastern part of the Izmit Gulf and the Kuzuluk Basin.
The findings demonstrate that it may be capable to enlarge the anomaly region up
to the sedimentary basins (e.g., Adapazari, Diizce). However, no further assessments

were suggested over the Almacik block due to lack of acceptable and reliable data.

The area between the two segments (the segments indicated B-1 and B-2 in Figure
2.5) of the NAF was defined by comparatively high seismicity (the group of earthquakes
primarily located in the branches indicated in Figure 3.4 ). Looking at the propagation
of low and high-speed anomalies in the area, an extensive low-velocity pattern was
found underneath the center of the area, in spite of the fact that comparatively high-

velocity anomalies were found in the vicinity of the branches. Based on this observation,
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it can be said that the finding high-velocity zones are fairly compatible with high
resistivity zones (e.g., Tank et al., 2005). In accordance with the study of Tank et
al. (2005), these high resistivity zones are also compatible with an asperity that is
defined by strong coupling at the fault interface. A similar asperity zone was revealed
by Delouis et al. (2000) around the hypocenter in their joint inversion study of InSAR

and teleseismic data.

The findings of Nakamura et al. (2002) ve Barig et al. (2005) indicated that the
seismic events grouped particularly at the crossing point of low and high-speed zones.
This finding appears to be mostly coherent with our findings, but not consistent with
the study carried out by Tung (2008). In accordance with the study of Tung (2008),
mostly seismic events were amassed over low-velocity districts. Additionally, obvious
incoherent conduct was observed between the pattern of the P-wave speed of the study
of Tung (2008) and the magnetotelluric research conducted by Tank et al. (2005).
However, a strong correlation is observed between S-wave velocity at 10 km to down

and the resistivity results produced by Tank et al. (2005).

P-wave velocities in the lower crust underneath the western and southern portions
of the Marmara region (e.g., Ganos, Ganos Gulf, Balikesir, Bursa, and the vicinity of
the areas indicated in Figure 2.5), under 30 km depth, little by little raise. But, at
a depth of 50 km, the P-wave speed extremely reduced (Figure ??). This might be
identified with the truth that the east-west trending normal fault systems of the Sea
of Marmara are a scattered zone of the crustal thinning connected with an assumed
30% of north-south expansion since the Tortonian (Ergiin et al., 1995). Further, we
found that the determination for the S-wave is as well as that for the P-wave. We can
thus examine the structure of Vp and Vs in the crust beneath the Marmara region.
In spite of the fact that under the depth of 15 km the resolution is not good because
of a lack of high-quality seismic events, at a depth of 50 km, for both the P- and S-
velocity models, we found a low-velocity anomaly underneath the western part of the
Marmara Sea, which may be evaluated as an asthenosphere upwelling. By turns, such
upwelling may result in a thermal weakening of the crust that started the process of

crustal expansion in the Marmara Sea.
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6.2. Discussion on Shear Wave Splitting Results

In this study, a Mb =5.3 Manyas EQ has been retrospectively “stress-forecasted”
by utilizing changes in delay times to assess the time and magnitude at which stress-
modified micro-fracturing achieves crack criticality within the tensioned volume where
strain is discharged. The times and magnitudes of impending big seismic events might
be assumed by utilizing such changes in shear-wave splitting since tension induced
progressions to microcrack geometry could be monitored by varieties in shear-wave
splitting (Crampin and Peacock, 2008). Our determined parameters acquired from
microseismic events obviously present the large4+80% scatter in time-delays and po-

larizations that are generally seen above little seismic events (Crampin, 1999) (Figure

5.7a, b, ¢).

This implies that shear-wave splitting measurements are altogether delicate of the
variations over tension. In such studies, one of the fundamental issues is the absence of
adequate high-quality seismic events before and after a big seismic event in convenient
station-to-seismic event recording geometries. In our study, it is required to mention
that azimuthal coverage and density of stations are sufficient and permit us to visualize
the variations in splitting measurements. Before the 2006 Manyas EQ, enough insistent

swarm activity was observed (Figure 5.2).

The earthquake swarms are significant for stress-forecasting since only such persis-
tent swarms have the capacity to acquire reliable shear wave source signals throughout
the build-up of tension. Another crucial point for identifying interim changes in split-
ting parameters may be existing measurement methods. On the other hand, automatic
methods have recently been comprehensively effective (Crampin and Gao, 2006). But,
the greater part existing techniques for measuring splitting parameters are inadequate.
Therefore, we favored utilizing the visual techniques because they are more reliable

than automatic or just about fully automatic methods.

To reduce errors on the measurements caused by free surface and crustal hetero-

geneity, here three techniques were utilized. Time-delays in seismic shear-wave split-
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ting measurements above little seismic events commonly show a scatter of frequently
as much as +80 percent about the mean (Crampin et al., 2004a). The extensive £80%
scatter in time-delays acquired from microseismic events before the primary earth-
quake at some stations such as station YLVX was observed (Figure 5.7a). However,
it was observed that the delay time pattern of MRMX is varied from others (Figure
5.7c). This is most likely explained with the location of the MRMX station (Figure
reffig:figure18) because it may be intensively subjected to greater tension than YLVX
and others in terms of the high seismic activity in advance of the primary earthquake.
The measured splitting parameters at this station become eminently delicate to little

variations in stress due to high seismic activity.

Moreover, it may be obviously observed that an M =5 earthquake has the capa-
bility to cause variations in splitting measurements that were acquired from a distance
of 1000 km (Crampin and Gao, 2010a) because the critical systems of tension-aligned
fluid-saturated microfractures affect the sensitivity at distances of hundreds of times
the conventional source dimensions. Several seismic events with magnitudes bigger
than 3 in the study region happened. This implies that the aggregation of tension has
a huge effect on the seismic activity region in advance of the impending earthquake.
Merely one event may thus be adequate to visualize the variations in the evaluated
parameters. Aggregation of tension around the primary earthquake possesses an im-
portant effect on changes in delay times of Band-2. This finding was found at station
MRMX. Nearly three months in advance of the 2006 Manyas EQ, undulations in ac-
cumulated delay times are noticeable, as observed in Band-2 (0— 15) of station YLVX
(Figure 5.7c). As expected that substantial variations in tension cause a rise fracture
density underneath the station. Dynamic fault systems and liquid in fracture systems
possess additionally an impact on changes in measured splitting parameters. The sub-
stantial +80% scatter and the hypothetical variation of time-delays in Band-1 often
hide correlations of time-delays with distance or depth, except for extremely consider-
able data sets, when averages are significant (Crampin et al., 2004a). The scattering in

time delays is related to tension-induced variations in fracture geometry (Figure 5.7a).

In particular, changes in Band-1 for YLVX, MRMX, and GEMT are related to
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low-level tension and are exclusively presumable to impress crack aspect ratios which
will modify the average time-delay in Band-1 (Figure 5.7a, b, ¢). The expansive +80%
scatter in time-delays and polarisations at the stations such as YLVX is associated
with high pore-fluid pressures on all seismically dynamic fault-planes (Crampin et al.,
2004a). The detected anisotropy may come from the upper half or whole upper part
of the crust. Sudden variations in delay times and weighted average fast polarization
directions between neighboring seismic stations such as YLVX and GEMT may be
associated with the localization of anisotropy and implies that it has to be restricted

to the near-surface (Crampin and Peacock, 2008).

It is hard to assess the depth range because measured shear-wave time-delays are
the accumulated total of the time-delays along the entire of the ray path. We realized
that such stress-aligned anisotropy may be uniformly disseminated underneath such
depths throughout at least the upper half of the crust but obvious, direct proof of
shallow anisotropy is not existing. Despite the weighted average fast polarization at
uttermost receivers indicate mostly like a pattern, the dissemination of fast polarization
direction is not uniform in the eastern Marmara and the western Marmara (Figure 5.8).
The changes in the weighted average fast polarization directions are coherent with the
present tectonic structure of the Marmara district. In a fact, the Sea of Marmara is
a transition zone between the strike-slip regime of the NAF and the expansion regime
of the Aegean Sea (Taymaz, et al., 2004). This probably influences the variations
in the determined splitting parameters. After the primary seismic event, we found a
clear rise in delay time at station GEMT and seismic activity in the surrounding area
that was extremely noticeable (Figure 5.9). Rises in time delays of shear wave splitting
monitoring tension aggregation in advance of earthquakes would likewise not precursory
to earthquakes. Finally, taking into account variations in splitting parameters before
and after the fundamental seismic event, it is difficult to conclude that the location
of the forecast seismic event may be forecasted (Jordan et al., 2011). However, we
accept that such a study ensures an understanding of how a change in fracture density
and fracturing ratio with the aggregation of tension can be noticed at considerable

distances from the impending seismic epicentre.
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6.3. Summary

The investigated area and the western component of the NAF have a high seismic
hazard. These regions are thus of serious importance to seismic events dangers. The
target of this Ph.D. thesis was to explore the tectonic structure of the study area uti-
lizing the LET and shear wave splitting. For this, initially, earthquakes from 2005 to
2011 were gathered from continuous and temporary stations installed by the TUBITAK
during the TURDEP and KOERI. Later, the gathered local seismic events were relo-
cated. After the relocation of the earthquakes, 2,131 seismic events and an entire of
92,858 arrival times consisting of 50,044 P-wave and 42,814 S-wave arrival times were
acquired. The relocated seismic events were processed by utilizing the LOTOS code
(Koulakov, 2009) based on iterative inversion. It may be worth specifying that results
derived from this analysis indicate that the LET has been effectively used to determine
P- and S-wave speed variations for completely the Marmara region. Thus, the detailed
crustal form down to a depth of 50 km underneath the Marmara region for P- and
S-wave velocities was explored. To reveal critical geodynamical features, the dissem-
ination of obtaining seismic parameters (Vp, Vs) were also taken into account. This
investigation demonstrates that the high-speed anomalies quite associate with cracking
segments of the NAF. Besides, it may be obviously realized that high seismicity is ba-
sically intensified in the branches. In particular, low velocities were found underneath
the central Marmara Sea at a depth of 5 km. From 5 to 15 km depth, the existence
of velocity varieties between land and the central Marmara Sea was obviously realized.
At the depth range from 5 and 15 km, high P- and S-wave velocity values were addi-
tionally found underneath the Armutlu Peninsula, Yalova, Gazikoy, and Tekirdag. In
addition to this, high-velocity values in the Sakarya zone were found. Looking at the
dissemination of low-speed anomalies, an extensive low-velocity pattern was revealed
underneath the central Marmara Sea. We also realized that high-velocity anomalies
may be enlarged between the two segments of the NAF and may correlate with the
high resistivity zone. On the other hand, we found that the shallow portion of the crust
underneath the Marmara Sea indicates noticeable sidewise velocity varieties. The ex-
traordinary feature of this research is that an obvious pattern was found in between

the on-land and the central Marmara Sea at the depth range from 5 and 15 km.
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In addition to this part of the research, the 2006 Mb =5.3 Manyas-Kus Golu
(Manyas) seismic event was retrospectively “stress-forecasted” utilizing changes in
time-delays of seismic shear wave splitting to assess the time and magnitude at which
stress-modified microcracking attains crack seriousness inside the tensioned volume

where strain is discharged.

In addition to this method, the 2006 Mb =5.3 Manyas-Kus Golu (Manyas) earth-
quake has been retrospectively “stress-forecasted” using variations in time-delays of
seismic shear wave splitting to evaluate the time and magnitude at which stress-
modified microcracking reaches fracture criticality within the stressed volume where
strain is released. We observed that clear decreases in delay times before the impending
event, especially at the station GEMT are consistent with the APE model of fluid-rock
deformation, but we could not observe similar changes at other stations surrounding
the main event. The logarithms of the duration of the stress-accumulation are pro-
portional (selfsimilar) to the magnitude of the impending event. Although time and
magnitude of the 2005 Manyas earthquake could have been stress-forecasted, as has
been recognized elsewhere, shear wave splitting does not appear to provide direct infor-
mation about the location of impending earthquakes. We noticed that obvious declines
in delay times in advance of the impending seismic event, particularly at the station
GEMT are coherent with the APE model of fluid-rock damage, however, we were not
able to find like variations at other stations surrounding the major earthquake. The
logarithms of the duration of the tension-aggregation are proportional (selfsimilar) to
the magnitude of the impending earthquake. Despite time and magnitude of the 2005
Manyas quake were not able to be stress-forecasted, as would have been recognized
elsewhere, shear wave splitting does not come out to provide direct evidence about the

location of impending earthquakes.
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