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CRUSTAL STRUCTURE OF THE NORTH-WESTERN TURKEY AROUND
THE NORTH ANATOLIAN FAULT ZONE (NAFZ) RESOLVED FROM THE
HIGH-RESOLUTION AMBIENT SEISMIC NOISE TOMOGRAPHY

SUMMARY

Turkey poses a complex crustal structure as a result of the convergence of the Arabian
and African plates. The North Anatolian Fault Zone (NAFZ) represents 1600 km long
active right-lateral strike-slip fault system of the country that has caused several
destructive earthquakes. Location of historical earthquakes indicates that the activity
on the fault tend to migrate westward that was confirmed by the stress change
measurements following the last Mw7.4 1999 Izmit Earthquake. In the western part of
NAFZ, there is a seismic gap inside the Sea of Marmara. Reliable knowledge of
physical properties of the crustal structure of the unruptured segment within the Sea of
Marmara is crucial for proper seismic hazard assessments given that the city of
Istanbul, a metropolitan city with its millions of habitats, is closely located to this
seismic gap. Although there have been several studies of examining the crustal
structure of the Marmara Region and surroundings at different depth scales, the
resolution of collected data inside the Sea of Marmara and thus resultant model from,
i.e., seismic local earthquake tomography is not good enough mainly due to the lack
of seismic instrumentation. The ambient seismic noise tomography eliminates this
problem because in this method, every seismometer act as a source. The cross-
correlation between two receivers gives the Green’s function which contains structural
information about the region beneath seismometers.

In this thesis work, the Transdimensional Bayesian tomography, for the first time, has
been applied to obtain a high-resolution image of the crustal structure of northwestern
Turkey. For forward estimation of traveltime information for a given velocity model,
we used the Fast Marching Method (FMM). Prior to this, we applied a rather simple
and computationally fast 2-D nonlinear tomography scheme to have a rough idea on
group velocity variation in the regions. We used a Bayesian framework to invert
traveltime residual extracted from Green’s functions for the Rayleigh wave group
velocity models at various frequencies.

The advantage of this framework is that it allows an adaptive model parametrization
using irregular Voronoi cells varying in size and shape depending on data resolution
conditions in the model space. Moreover, the inversion scheme is independent from
the damping and smoothing parameters and it gives a probability distribution of the
complete solution which enables uncertainty estimation of the results as.

Our high-resolution tomographic images included group velocities of Rayleigh waves
resolved between 1 sec and 20 s. The tomographic maps of lateral variation
successfully revealed the basin structures such as Cinarcik, Tekirdag, and Adapazari
Basins between periods 1 and 10 s that are characterized by typically low group
velocities with low uncertainties in this study. The low-velocity zones mark well sign
of deformations along the NAFZ in the crust and the complex structure due to the
active tectonics of the Anatolia. Finally, different tectonic units, in particular, to the
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east were identified from each other as our maps highlight Istanbul-Zonguldak Zone
from Armutlu-Almacik Block with a sharp high to low-velocity change in N-S
direction.
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ARKA ALAN SiSMIiK GURULTU TOMOGRAFi YONTEMIi
KULLANILARAK KUZEY ANADOLU FAY ZONU (KAFZ) VE
KUZEYBATI TURKIYE'NIN KABUK YAPISININ YUKSEK
COZUNURLUKTE GORUNTULENMESI

OZET

Sismoloji, diger jeofizik yontemler ile karsilastirildiginda, yer icerisinde meydana
gelen jeodinamik olaylar1 (yitim zonu dinamikleri, manto konveksiyon akimlar1 vs.)
ve bunun sonucunda sekillenen tektonik yapilarin olugsma siireglerini daha iyi
anlamada etkin bir bilim dalidir. Yer igerisinin fiziksel 6zelliklerini (sismik hiz,
zayiflik zonlari, anizotropi, vb.) kabuk, manto ve ¢ekirdegin yapisin1 goriintiilemede
sismolojideki en giiclii araglardan biri sismik tomografidir. Cesitli sismik tomografi
problemlerinin temel amaci, ortamin fiziksel kosullarina (yogunluga, sicakliga,
kimyasal bilesenlerine, vb.) bagli olan sismik dalga hiz1 varyasyonunu belirlemektir.
Yerkiirenin heterojenligi sismik dalgalarin yayilma hizini etkiler, bu nedenle sismik
dalgarin seyahat zamanlar1 degisim gosterir. Bilinen bir referans hiz modeline gore
seyahat siiresi anomalileri, yayilma yolu boyunca yer alt1 yapisinin goriiniir karakterini
temsil eden ve ters ¢oziim islemi boyunca kullanilabilen gézlem verilerini olusturur.
Genel olarak sismik tomografi, fay zonlarinda, volkanik veya jeotermal alanlarda,
dalma batma zonlarinda vb. sismik hizdaki ani degisiklikleri belirlemek i¢in kullanilir.

Marmara Denizi'nin altinda bulunan sismik bosluk boyunca potansiyel olarak
beklenen biiyiik bir depremin meydana gelmesi ve olasi hasarlar hakkinda uzun
zamandir bilimsel tartigmalar yapilmaktadir. Yirtilma yayilimini daha iyi simiile
edebilmek ve olasi hasar1 degerlendirmek i¢in, yirtilma bolgesinin altindaki kabuk
yapist icerisindeki ¢esitli fiziksel 6zellikler hakkinda giivenilir ve yiiksek ¢oziintirliiklii
bir bilgiye sahip olmak esastir. Zayiflik bolgelerinin uygun konumunun ve sismik
dalga hizlarindaki malzeme 6zelliklerinin belirlenmesi, potansiyel kirilma alanlarinin
yakiindaki bolgelerde sismik riski degerlendiren miihendisler i¢in 6dnemli bir bilgi
olacaktir. Bununla birlikte, fay zonlar1 boyunca kabuk 0Ozelliklerinin dogru
goriintiilenmesi, esasen kabuk ve manto igindeki sismik ¢oziiniirliik sinirlamalar
nedeniyle belirsiz kalmaktadir. Bu ¢alismada temel hedefimiz, KAFZ ve ¢evresinin
kuzeybati kesiminde yeni bir yiiksek ¢oziiniirliiklii kabuk modeli gelistirmektir.

Tiirkiye, Arap ve Afrika levhalariin birbirine gore yakinlagan hareketlerinden dolay1
olduk¢a karmasik bir tektonik yapidadir. Bununla iligkili olarak heterojen bir kabuk
yapisina sahiptir. Kuzey Anadolu Fay Zonu (KAFZ), 1600 km uzunlugunda aktif sag-
yanal atiml1 bir fay sistemi olup ge¢miste bir¢cok yikici depreme sebebiyet vermistir.
Tarihsel depremlerin olus yerleri, fay tizerindeki aktivitenin batiya dogru gog ettigine
isaret eder. Yakin zamanda meydana gelen Mw7.4 1999 Izmit depremi sonrasi
hesaplanan stres degisiminin yonelimi de bu gozlemi destekler niteliktedir. KAFZ’1n
bat1 kisminda, Marmara Denizi igerisinde, heniliz kirilmamis bir sismik bosluk yer
almaktadir. 15 milyondan fazla bir niifusa sahip Istanbul’'un, Marmara Denizi
icerisinden gecen fay sistemine yakinlig1 da diisiiniildiigiinde, bu bosluk altinda kalan
kabuk yapisinin fiziksel Ozelliklerinin gilivenilirliginin bilinmesi, bdlgede sismik
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tehlike degerlendirmelerinin dogru bir sekilde yapilabilmesi i¢in hayati derecede 6nem
arz etmektedir. Marmara Bolgesi ve yakin ¢evresinin kabuk yapisini ele alan birgok
calisma mevcuttur, fakat bu caligmalar genellikle deniz igerisindeki siirekli ¢aligan
deprem kayit istasyonlarinin sinirlt sayida olmasindan dolayi diisiik ¢coziiniirliiklidiir.

Ozellikle son dénemde, sismik istasyonlarda kaydedilen her bilgiyi kullanmanin
onemi artmistir. Ornegin arka alan sismik giiriiltii bilgisi aligalagelmis deprem
kaydindan ziyade sismik istasyonlara gelen bir veri grubudur. Arka alan sismik
giiriiltiisii, okyanus-kita birlesmesinin ve insan faaliyetlerinin etkisinin genellikle
yogun oldugu bir bilgi kaynagini temsil eder.

Deprem veya patlamalardan kaynaklanan sismik dalgalarin kullaniminda sinirlamalar
vardir. Bu sinirlamalar icerisinde, patlatmalarin yiiksek maliyeti, sismik istasyonlarin
ve depremlerin homojen olmayan dagilimlar1 sayilabilir. Yakin zamanda gelistirilen
ve iki istasyon ¢ifti arasinda kaydedilen giiriiltii analizlerine dayanan, arka alan sismik
giiriiltii tomografi ¢aligmalar1 bu sorunu bir dl¢iide telafi eder. Arka alan sismik giiriiltii
kullanmanin avantaji, deprem veya patlatma gibi yer sarsintisi i¢in zorlu bir kaynak
gerektirmemesidir. Bu tip bir modelleme yonteminde her bir istasyon bir kaynak
olarak degerlendirilip, iki alic1 (istasyon) arasinda elde edilen 6z iliski fonksiyonu
Green fonksiyonunu verir. Green fonksiyonunu elde ederek, bir istasyon ciftinin
arasindaki yap1 hakkinda bilgi sahibi olmak miimkiindiir.

Bu tez calismasinda, kuzeybati Tiirkiye’nin yiiksek ¢oziiniirliiklii kabuk yapisini elde
etmek amaciyla ilk defa boyut Otesi Bayesian tomografi yontemi kullanilmistir.
Bolgenin yiiksek ¢oziiniirliikli kabuk yapisini goriintiilemek amaci ile, bolgedeki 112
gecici, 84 siirekli calisan genisbant ve kisa siireli sismik istasyonlarin siirekli kayitlari
kullanild1. Ardindan, sismik istasyonlarin dikey bilesenleri arasindaki sismik giriiltii
capraz korelasyonlar1 yapilarak Green fonksiyonlari elde edildi. Toplamda, 24310 adet
Green fonksiyonlar1 el ile secilerek elde edildi. Grup hiz bilgilerini Green
fonksiyonlarindan ¢ikarmak i¢in Green fonksiyonlarma dar bantli Gauss filtresi
uygulandi. Bu asamada 1 ile 20 saniye periyot aralig1 kullanildi.

Seyahat zamanlarinin verilen bir model i¢in diiz hesaplanmasi amaciyla Fast
Marching yontemi kullanilmistir. Bolgedeki ylizey dalgasi grup hizlarinin yaklagik
olarak belirlenebilmesi i¢in Bayesian tipi ters ¢0ziim Oncesinde, hesaplama olarak
daha hizl1 ve varig zamani rezidiiyellerinin direkt ters ¢oziimiine olanak veren, nispeten
daha basit iki boyutlu bir yontem kullanilmistir. Ardindan benzer bir sekilde Bayesian
sistemi kullanilarak Green fonksiyonlarindan elde edilen varig zamani rezidiiyellerinin
direkt ters ¢oziimii elde edilmistir. Bunun sonucunda, bu yontem ile de farkl
frekanslarda grup hizlarina ulasilmistir. Bayesian tipi ters ¢oziimiiniin kullanimi
avantajli goriilmektedir ¢iinkii bu tip bir optimizasyon sirasinda, Voronoi hiicrelerinin
yardimi ile modelleme alani igerisindeki veri ¢oziiniirliiglinlin sartlarina bagli olarak
degisen ebat ve bicimlerde diizensiz bir parametrizasyona olanak saglar. Ayrica, ters
¢cozlim algoritmasi, klasik anlamda tomografi yontemlerinden farkli olarak, elde
edilmek istenen model parametreleri iizerinde soniimleme ve/veya diizlestirmeye
imkan veren parametrelere bagimli degildir. Bayesian yaklasimi elde edilen biitiin
¢ozlim setinin olasilik dagilimini vererek bir nevi ¢éztimlerin belirsizligi hakkinda da
bilgi saglar.

Elde edilen tomografik haritalar Rayleigh tipi ylizey dalgalarinin grup hizlarmin 1 ve
20 saniyelik periyotlar arasinda iki boyutlu dagilimlarini temsil ederler. Tomografik
haritalar, arastirma bdlgesindeki yiiksek c¢ozintirliikli diisik grup hizlarn ile
karakterize edilen Cinarcik, Tekirdag ve Adapazari gibi havza yapilarini ortaya
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cikarmigtir. KAFZ boyunca gozlemlenen diisiik hiz zonlar, siiregelen aktif
deformasyonun izlerini isaret etmektedir. Arastirma bdlgesinin dogusunda kalan,
farkli ve karmasik tektonik yapilari igeren kisimda, grup hizi dagilimlar1 K-G yoniinde
diisiik hizdan yiiksek hiza gegisler gostererek Istanbul-Zonguldak zonunun Armutlu-
Almacik blogundan farklilik gosterdigine isaret eder.
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1. INTRODUCTION

Recent technical advancements in data collection and computational facilities have
made seismology become an extensive field of earth sciences in understanding the
physical properties of the Earth’s interiors, (i.e., seismic velocity, attenuation,
anisotropy, etc.) compared to other geophysical methods. The major instrument
utilized in the field of seismology, seismic waves, are elastic waves generated by
earthquakes or explosions (Stein and Wysession, 2009) and propagate inside the Earth
by carrying information from various parts, i.e., the crust, the mantle and from much
deeper core structure. In general, there are two types of seismic waves existing: the
body waves (P and S waves), and the surface waves (Rayleigh and Love waves).
Surface waves usually propagate slower than the body waves. Rayleigh waves exhibit
an elliptical and retrograde type of particle motion at the surface (Stein and Wysession,
2009). They are dispersive waves, in other words, wave speeds of Rayleigh waves
change with frequency. Surface waves were identified by two types of velocities:

phase and group velocities. The phase velocity is represented by the ratio of angular

frequency with the wave number (v, = % ) and indicates the velocity of a single wave

travelling in space. The group velocity that is the velocity of superimposed waves

travelling in space can be found via the derivative of the angular frequency with the
wave number (v, = Z—‘: ) which is the velocity of superimposed waves travel in space.

The group velocity has a lower frequency than the phase velocity (Shearer, 2009)
(Figure 1.1). Type of source whether natural (i.e., earthquakes), or man-made (i.e.,
quarry-blasts, seismic vibrator, hammer, etc.) can all generate these seismic waves
with different penetration depth capabilities that have an influence on spatial

resolution.

Seismic imaging efforts that are based on the use of these waves may differ depending
on the approach. In general, imaging techniques that benefit from inversion strategies

or depend on the depth migration of directly stacked data are the most popular ones.
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Figure 1.1: A schematic view of the difference between group velocity and phase
velocity. The sum of two sinusoidal waves with a different frequencies and
wavenumbers. The velocity of individual peaks represents the phase velocity
and the velocity of the wave packets represents the group velocity (Shearer,
2009).

Inhomogenity within the Earth’s interior becomes larger and less significant at depths.

In addition to this, in various tomographic inversion, or receiver function stacking

problems we struggle with finding data with decent resolution. Resolution of

information for the subsurface structure usually decreases with increasing depth. In
some certain cases, where seismic activities are low and man-made seismic sources
are restricted, our knowledge of crustal and mantle structure can be poor in local scale

but relatively strong considering a global spatial resolution. This is because there is a

huge amount of ray paths that sample Earth’s interior by ensuring full global coverage

due to the irregular distribution of earthquakes and seismic stations.



Seismic tomography is one of the most powerful tools in seismology to image the
structure of crust, mantle and core. It is essentially considered as an inverse problem.
It starts with the spatiotemporal measurement of wave energy variation emitted
through a medium at a certain location by a seismometer. The main purpose of various
seismic tomography problems is to determine seismic wave speed variation that
strongly depends on the physical conditions of the medium, i.e., density, temperature,
compositional, etc. The heterogeneity of the Earth affects propagation speed of seismic
waves so that their travel times. Hence, travel time anomalies that can be established
with respect to a known reference velocity model, i.e., IASPEI91 (Kennett and
Engdahl, 1991), PREM (Dziewonski & Anderson, 1981) form our observed data,
which represent apparent character of subsurface structure along the propagation path

and can be utilized within the inversion process.

Tomography method earlier was first used in the field of medical sciences to identify
anomalies in the human body. The first application of seismic tomography has been
done in the 1960's (e.g. Bois et al., 1971; Aki et al.,1977; Aki & Lee, 1976; Dziewonski
et al., 1977). The travel time anomalies of the surface waves were calculated by
referencing a symmetrical site model and these anomalies were evenly distributed
along the ray path (Lay and Wallance, 1995). In general, seismic tomography is used
to determine sudden changes in seismic velocity in fault zones, in volcanic or
geothermal areas, in subduction zones etc. Tomography requires to have sources and
receivers. Even though there are numerous seismic stations all over the world, most of
them are land stations. The number of sensors in oceanic environments such as Ocean
Bottom Seismometers (OBS) is poorly distributed relative to the continents. This poor
coverage gives rise to weak resolution for seismic velocity images beneath certain

regions of the world.

During the last decade, seismologists have become aware of the importance of using
every information recorded at seismic stations. Seismic ambient noise, in particular,
represents the source of information where the combined effect of ocean-solid earth
coupling and human activities are usually dense. Such effects can propagate over large
distances and performing cross-correlation over continuous noise recordings across a
simultaneously operating seismic array can yield the Earth's body and surface wave
responses (Green's function). The seismic wavespeed variation between two stations

is hidden within these Green's functions. Surface wave part of the Green's function



with significant dispersive behaviour can be examined to elucidate sub-surface seismic

wave speed characteristics.

The present thesis work deals with revealing seismic wave properties (group velocities
of surface waves) in the crust along the western segment of the North Anatolian Fault
Zone (NAFZ). To achieve this we make use of travel time residuals extracted from
cross-correlations between station pairs within a merged array including temporary
and permanent broadband/short period stations in the study area. In the first chapter of
this thesis, tectonic setting of the area and surroundings as well as our main motivation
for this study are presented. A literature review concerning the previous geophysical
studies carried out in the area, in particular, ambient seismic noise and seismic
tomography studies, are given in chapter two. In chapter three, the ambient seismic
noise tomography, the nonlinear and Transdimensional Bayesian tomography methods
are described. Chapter four shows the steps of seismic data processing conducted in
this study. Later, applications of the inversion to the processed observed data is
presented in chapter five. Results from the ambient noise seismic tomography with
Transdimensional Bayesian inversion and with the nonlinear inversion are presented
and modelled group velocities are discussed in relation to the geology and the tectonic
settings of the region in chapter six. Finally, the conclusion of this work is given in

chapter seven.

1.1 Tectonic Settings of Turkey

In Paleozoic-Mesozoic-Early Tertiary time scale, the Tethys ocean was located
between Gondwana and Laurasia (Sengor and Yilmaz, 1981). The Neotethys started
its opening in the Triassic. Between the Late Cretaceous to the Eocene the Neotethys
oceanic branches closed, forming the present Anatolian plate (Taymaz et al., 2007).
Turkey is made of different terranes which broke off from Gondwana. Then the
collision with Eurasia during the Alpine orogeny formed the present Anatolian micro-
plate (Okay and Tiiysiiz, 1999). The Anatolian plate is one of the most seismically
active and continuously deforming plates due to its past and present tectonic evolution
(Figure 1.2). The tectonic motion of Anatolia is controlled by the convergence of the

Arabian and African plates with respect to the Eurasian plate (Mckenzie, 1972).
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Figure 1.2: Seismicity of the Anatolian Plate and surroundings (Taymaz et al., 2007)
for a period of 1973-2007.

1.1.1 Indications of the deformation from geodetic observations

The African plate is moving to the northeast at an average rate of 10 mm/yr with
respect to Eurasia (McClusky et al., 2000) (Figure 1.3). Along the Hellenic Arc,
African plate subducts beneath the Aegean Region and the southwestern part of
Turkey. The slab-roll back of northward subducting African plate beneath the southern
Aegean Region has led to back-arc extension regime and the crustal thinning and
volcanism as well. The Arabian plate is moving northwest relatively to Eurasia at an
average rate of 18 mm/yr (Mckenzie, 1972) (Figure 1.3). The convergence of the
Arabian plate is responsible for a crustal thickening with the compression between
Bitlis-Zagros fold and the Caucasus at the eastern Anatolia. As a consequence of the
slab-rollback of Africa and the compression of Arabia, Anatolia is moving toward the
southwest direction at a rate of 25 mm/yr (Figure 1.4) along two major shear
deformation zones: the North Anatolian Fault Zone (NAFZ) and the East Anatolian
Fault Zone (EAFZ). The dextral North Anatolian Fault System (NAFS) and the
sinistral East Anatolian Fault System (EAFS) play an important role in the
southwestward movement of Anatolia (Rotstein, 1984). The sinistral Dead Sea Fault
System (DSFS) also has a role in the movement of the Arabian plate (Taymaz et al.,
2007).
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Figure 1.3: Map of major plate boundaries for the Anatolian plate and surroundings
(Taymaz et al., 2007). GPS horizontal velocities represented by large black
arrows indicate relative plate motions with respect to Eurasia (McClusky
et al., 2003; Reilinger et al., 2006).
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Figure 1.4: A schematic view of the tectonic settings in the Eastern Mediterranean
(Taymaz et al., 2007). Large black arrows indicate relative plate motions
with respect to Eurasia (McClusky et al., 2003; Reilinger et al., 2006).



1.1.2 Different tectonic zones of the study area

Turkey has been formed by the juxtaposition of terranes during the Mesozoic and
Tertiary. The main geological features of Turkey are the Pontides, the Kirsehir Massif,
the Anatolide-Tauride Block, and the Arabian platform (Sengor and Yilmaz, 1981)
(Figure 1.5). The Pontides consist of three major terranes namely Strandja Terrane,
Istanbul, and Sakarya Zones. The Pontides are separated from the Anatolide-Tauride
Block and the Kirgehir Massif by the 2000 km long Izmir-Ankara-Erzincan suture
which is the major suture in Turkey (Okay and Tiiysiiz, 1999). Along the Izmir-
Ankara-Erzincan suture, the marks of the Tethys ocean are visible. The second longest
suture in Turkey is the Intra-Pontide suture and it forms an 800 km long boundary
between Sakarya and Istanbul zones in the east and between Sakarya and Rhodope-
Strandja Massif in the west which extends into the Marmara Sea (Sengor and Yilmaz,

1981).
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Figure 1.5: Major tectonic map of Turkey compiled from (Cubuk-Sabuncu et al.,
2017; Okay and Tiiysiiz, 1999; Okay, 2008). Red square shows the study
area.



The Istanbul zone is a 400 km long and 55 km wide continental fragment originally
belonging to Laurasia (Gorur et al., 1997; Yilmaz et al., 1998; Okay and Tiiysiiz, 1999)
that has a Precambrian crystalline basement overlaid by a continuous sedimentary
sequence. The Sakarya zone is a 1500 km long and 120 km wide continental fragment
which has metamorphic basement units, the Karakaya Complex and Oligo-Miocene
granitoids (Okay and Tiiysiiz, 1999). The Rhodope-Strandja zone consists of the
Rhodope-Strandja Massifs and the Thrace Basin. The Strandja Massif forms a 280 km
long and 40 km wide northwest-southeast trending metamorphic belt on the eastern
part of Strandja Zone (Okay et al., 2001). The northern part of Strandja Massif is a
flysch-volcanic zone (Yilmaz et al., 1998) and the southern part is cut by NW-SE
trending normal, lateral, and transpressional faults. It is bounded by the Thrace Basin
which is an approximately 9 km thick sedimentary basin from Eocene-Oligocene age
(Turgut, 1991; Gorur and Okay, 1996) overlying a basement of metamorphic rocks of
the Strandja Massif (Alaygut, 1995; Yilmaz et al., 1998). To the south, the Thrace
sedimentary basin extends beneath the Marmara Sea. The Armutlu-Almacik Zone is
located between the Istanbul and Sakarya Zones, on the eastern margin of the Sea of
Marmara. It consists of different metamorphic rocks which are a melange of Istanbul

and Sakarya Zones.

1.1.3 The North Anatolian Fault Zone (NAFZ)

The NAFZ crosses three zones, Istanbul, Sakarya and Armutlu-Almacik Zones and
splits into two branches. The southern strand (SNAF) forms a boundary between
Sakarya and Armutlu-Almacik Zones and the northern strand (NNAF) continues
beneath Sea of Marmara. The NAFZ is one of the most seismically active strike-slip
fault (Figure 1.2). It has an important role in the tectonic behaviour of the region. The
NAFZ represents about 1600 km long transform plate boundary between the Arabian,
African and Eurasian plates and it follows the Intra-pontide and Izmir-Ankara-
Erzincan suture zones (Barka et al., 1992). It developed in early late Miocene after the
Arabian and Eurasian plate collision (Sengor, 1985; Sengor et al., 1985; Dewey et al.,
1989). The westward orientation of the stress can be deduced from the historical record
of large earthquakes that affected the region (Stein, 1997). A series of several historical
large earthquakes occurred along the NAFZ, which have taken place over about 900
km of its entire length, implying an overall westward migration of the earthquake

occurrences (Ketin, 1948) (Figure 1.5). During the 20th century, the first severe failure



was initiated along the Ganos segment located at the westernmost of the NAFZ. The
1912 failure with magnitude M7.4 caused a 50 km long surface break (Ambraseys and
Finkel, 1987). In 1939, an earthquake of magnitude 7.8 to 8 occurred stroke the city
of Erzincan. This was the largest earthquake ever recorded in Anatolia. It triggered the
westward migration on NAFZ (Barka, 1996). It produced a 360 km long rupture from
the Erzincan basin to Amasya (Figure 1.5). Then several earthquakes of lower
magnitudes occurred along the NAFZ, with different earthquakes rupture zone lengths:
the 1942 Erbaa-Niksar earthquake (M=7.1; 50 km long rupture zone) (Pamir and
Akyol,1943;Ambraseys, 1970), the 1943 Tosya earthquake (M=7.6, 260 km rupture
zone) (Ketin, 1969), the 1944 Bolu earthquake (M=7.3, 165 km rupture zone) (Ketin,
1969), the 1957 Abant earthquake (M=7, 30 km rupture zone from Abant to Arpaeski)
(Barka, 1996), the 1967 Mudurnu earthquake (M=7.1, 80 km long rupture zone)
(Ambraseys and Zatopek, 1969). The 1957 and 1967 earthquakes have ruptured the
south segment of the Almacik Block. Most recently, 17 August 1999 Izmit (M=7.4)
and 12 November 1999 Diizce (M=7.2) earthquakes ruptured a segment of 200 km
long which is the northern segment of Almacik Block (Figure 1.5). The Izmit
earthquake occurred on the seismic gap which Toksdz and Michael (1979) identified.
Between Bolu and the eastern part of the ruptured segment of Diizce earthquake, no
earthquake has happened yet. Akyuz et al. (2002) say that if this segment is already
broken in 1944 or it will break causing an M<6.5 earthquakes. The historical
earthquake records (Ambrasseys and Jackson, 2000; [Fig 1b therein]) reveals that
region remaining between the 1912 and 1999 ruptures forms a seismic gap in the Sea

of Marmara (Barka et al., 2002).
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Figure 1.6: Historical earthquakes that occurred along the NAFZ (Barka et al., 2002).



1.1.4 The Sea of Marmara

To the west of the NAFZ, the fault tends to become shorter, discontinuous and often
stepped through various basins, i.e., the Iznik, Bursa, Karacabey, Manyas and
Marmara Sea basins (Barka and Kadinsky-Cade, 1988). Among these basins, Marmara
Sea is the largest one with its 280 km long and 80 km wide marine basin and is
represented by several complex structures developed within a zone of interaction
between the extensional and the strike-slip shear structures (Giirer et al., 2006). The
Sea of Marmara has two parts, the southern part with shallow shelf and the northern
part with deep basins up to 1250 m water depth (Carton et al., 2007). In the eastern
part of the Sea of Marmara, there is a shelf with a width of 7 to 13 km (Okay et al.,
2000).

The NAF enters the Sea of Marmara from the Gulf of [zmit as a single strand, continues
through the north of Cinarcik Basin as a fault segment and turns to the east-west
direction (Figure 1.6) (Le Pichon et al., 2001). The Cinarcik Basin is 50 km long and
18 km wide with water depths ranging between 1270 to 1150 m (Okay et al., 2000,
Carton et al.,, 2007). The NAF splits into two branches in the east as the North
Boundary Fault (Wong et al., 1995) and the Inner Boundary Fault which are the
boundaries between the northern slope, the southern slope and the Cinarcik Basin
(Okay et al., 2000). The North and Inner Boundary faults form a negative flower
structure due to the steepness of the North Boundary fault compared to the Inner
Boundary fault (Okay et al., 2000). The Cinarcik basin is bounded by the Central
Marmara Ridge in the west where there are thrust faults and folds. More to the west a
small basin called Kumburgaz Basin is located which is bounded by the Central
Marmara Fault (CMF). The North Boundary fault is the continuation of the CMF to
the east and together forms a segment of the NAF that joins the Ganos fault to the west
(Figure 1.7).

The three segments beneath the Marmara Sea are; the Ganos segment (15 km long)
which could have been broken during the 1912 earthquake (Ambrasseys and Finkel,
1987), the Central Marmara segment (105 km long) which has not experienced any
rupture since 1766 (Okay et al., 2000), and the North Boundary segment (45 km long)
which was broken during the 1894 earthquake (Ambrasseys and Finkel, 1987).
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Figure 1.7: Tectonic settings of the Marmara Region (Okay et al., 2000).
1.2 Main Purpose of the Study

For a long time, there has been a scientific debate on the possible occurrence and the
location of a major earthquake which is expected to potentially nucleate somewhere
along the seismic gap previously described beneath the Sea of Marmara. To be able to
better simulate the rupture propagation and asses the possible damage, it is essential to
have a reliable and high-resolution knowledge of various physical properties within
the crustal structure beneath the rupture zone. This will enable high-resolution
mapping of weakness zones and their depth extent that can will significantly contribute
to our understanding on whether shear deformation is localized in a narrow brittle zone
or it expands into wide, distributed deformation bands at depths (Platt and Behr, 2011),

presumably accommodated by lower crustal ductile flow (Biirgmann and Dresen,

2008). Proper location of weakness zones and its material properties in seismic wave
speeds would be an important proxy for engineers who evaluate potential seismic risk

in regions nearby potential rupture areas.
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However, accurate imaging of crustal properties along the fault zones remains elusive
mainly because of the seismic resolution limitations within the crust and mantle. Our
main target in the present study is to develop a new high-resolution crustal model along
the northwest part of the NAFZ and surroundings (Figure 1.8). To achieve this we built
a large database of empirical Green's functions following cross-correlating ambient
seismic noise of continuous recordings between many station pairs selected in the
study region. A probabilistic tomography was conducted based on these Green's
functions in order to estimate group speed maps in 2-D for various periods. As being
different from the early seismic tomography studies carried out in the area, this work
does not use any earthquake data, which, in many cases, may introduce strong
limitations to the model resolution due to the poor signal quality, the lack of seismic
off-shore stations, etc. Instead, for the first time in the region, we use ambient noise
recordings recorded across dense seismic arrays and their cross-correlations between

station pairs. Seismic waveform data were acquired from the recordings of various
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Figure 1.8: Active tectonics boundaries of Anatolian Plate, compiled from (Mascle
and Martin, 1990; Taymaz et al., 1990; Taymaz et al., 1991; Taymaz et al.,
2004; Taymaz et al., 2007; Taymaz and Price, 1992; Taymaz, 1996;
Yolsal, 2008; Yolsal-Cevikbilen and Taymaz, 2012; Yolsal-Cevikbilen et
al., 2012; Yolsal-Cevikbilen, 2014; Cubuk et al., 2014; and Yolsal-
Cevikbilen et al., 2014). See the referecences above for the abbreviations.
Large black arrows indicate relative plate motions with respect to Eurasia
(McClusky et al., 2003; Reilinger et al., 2006). Red rectangle shows the
study area
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permanent and temporary seismic networks. Finally, we applied a Transdimensional
Bayesian inversion algorithm (Bodin et al. 2012) perofrmed over Rayleigh wave
Green's functions in order to develop a high-resolution shear wave velocity model
beneath north-western part of the NAFZ including the Sea of Marmara. Employing a
Bayesian strategy in the modelling can be advantageous in making robust
interpretations of the models since a probability density is determined a priori to
prevent from the consideration of unrealistic earth models. The posterior distribution

of proposed models provides a statistically rigorous appraisal of model uncertainty.
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2. PREVIOUS STUDIES

Early seismic studies to characterize the structure of the NW Turkey have been
performed by different methods at various scales. Biryol et al. (2011) applied the
teleseismic P-wave traveltime tomography to obtain a structural image of the deeper
lithosphere and mantle of Anatolia in regional scale. They observed fast seismic
anomalies represent subducting African plate beneath Anatolia. Slow velocity
anomalies within the mantle wedge just beneath Anatolia was attributed to the
presence of hot upwelling asthenosphere in the same study. As being different from
Biryol et al. (2011), Fichtner et al. (2013a,b) examined the same region via multi-scale
full waveform tomography to image the deep structure of the NAFZ. They observed a
low-velocity zone beneath the NAFZ which corresponds to the upper mantle
expression of the sutures (Figure 2.1). Beside this, various seismic imaging efforts
including, i.e., Gans et al. (2009) and Mutlu and Karabulut (2011) applying Pn
tomography; Bakirct et al. (2012), Salaiin et al. (2012) and Delph et al. (2017) using
surface wave tomography; Warren et al. (2013) applying ambient noise tomography
and Cubuk-Sabuncu et al. (2017) using full-waveform tomography, Kind et al. (2015),
Licciardi et al. (2018) using receiver function analyses have delineated both
heterogeneous and anisotropic character in the crustal upper mantle structure of

Anatolia and its adjacents in details.

In a similar region overlapping our study area, Polat et al. (2016) have recently imaged
the crustal structure of northwestern Turkey by using local earthquake tomography and
they observed high-velocity anomalies beneath the NAFZ and low velocities beneath
the central Sea of Marmara (Figure 2.2). Cubuk-Sabuncu et al. (2017) applied a full-
waveform tomography that benefits from the adjoint method in a larger area covering
western Turkey. Their results revealed the strong velocity variations down to the depth
of 35 km. More locally, Koulakov et al. (2010) investigated the crustal structure of the
western part of the NAFZ using local earthquake tomography. They proposed a model
for pull-apart basins that is consistent with their low-velocity zones and high

attenuation model findings in the area.
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Figure 2.1: The full-waveform tomographic inversion results of Fichtner et al.
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Kahraman et al. (2015) applied receiver function method on teleseismic observations
recorded at Dense Array for North Anatolia (DANA) network to the western part of
the NAFZ and they were able to detect low-velocity zones and different Moho depths
in the northern and southern parts across the NAFZ. Recently, Papaleo et al. (2017,
2018) applied teleseismic tomography study by using the data set extracted from the
DANA network. Their results have suggested the presence of a high-velocity body
between the two branches of the NAFZ and clearly imaged deeper extension of a

widening weakness zone toward the upper mantle depths (Figure 2.3).
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Figure 2.3: The fault model for the geometry of NAFZ by Papaleo et al. (2018).

Focusing on the westward to the Sea of Marmara, there have been a large number of
seismic experiments aiming at delineating sea bottom and complicated faulting
network conducted within the last 20 years. Hence, the Sea of Marmara has become
one of the most well-known intra sea in terms of its shallow crustal features. For
instance, the first deep seismic study has been done by Laigle et al. (2008). They
detected a reflective lower crust and the Moho boundary. Bayrakci et al. (2013) applied
a 3-D tomographic inversion of controlled source data and developed seismic velocity
models down to 8 km below the sea level for the Sea of Marmara. These model results
indicated prominent basement depressions beneath three basins. Other studies about
the Sea of Marmara and surroundings including the NAFZ that were performed by
Okay et al. (1999), Parke et al. (1999), Le Pichon et al. (2001), Yaltirak (2002), Armijo
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et al. (2002, 2005) proposed various fault models for the geometry of the NAFZ

beneath the Sea of Marmara.

Several other geophysical investigations have been conducted including such as
geoelectrical imaging based on magnetotelluric data inversions (e.g. Honkura et al.,
2000; Tank et al., 2005; Kaya et al., 2009; Kaya et al., 2013) that has significantly
contributed to elucidating of shallow/deep crustal depth structures. N-S profiles cutting
the fault zones revealed clear transitions between conductive and resistive zones with
varying extent related to different segments of the NAFZ. Another imaging approach
that is based on the auto-correlation of ambient seismic noise data extracted from the
stations traversing various accretionary complexes (e.g. Istanbul Zone, Sakarya
Terrane, Armutlu-Almacik Block) to the west of the Sea of Marmara resulted in
reflection profiles indicating a Moho reflected P wave and additional structure within

the crust and upper mantle (Taylor and Houseman, 2016).
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3. AMBIENT SEISMIC NOISE TOMOGRAPHY

3.1 Imaging with Noise

Seismic waves are elastic waves caused by natural sources (e.g. earthquakes) or
artificial sources (e.g. explosions) (Stein and Wysession, 2009). The study of the
propagation of different types of seismic waves (body waves, surface waves) into the
Earth provides information about the structure of the Earth’s interior. Surface waves
(Rayleigh and Love waves) are dispersive types of waves and thus relevant velocities
of surface waves can be obtained for different frequencies. This also indicates the
depth varying character of surface wave speeds. Continuous digital recordings with
certain sampling rates (sampling frequencies) extracted from seismic stations contain
valuable information about body waves and surface waves released after an earthquake
or explosion but also after any type of waves in relation to any other ground shaking
factors, for instance, human activities, small vibrations of the Earth, etc (Lay and
Wallace, 1995). The latter usually tend to generate random seismic wavefield and

usually referred to the seismic noise on seismograms.

The origins of the seismic noise are the seismic hum, the microseisms and the
microtremors. The frequencies of the seismic noise range between 10~ Hz and 100 Hz
(Nishida, 2017). The microtremors are high-frequency noise greater than 1 Hz and are
produced by human activities (traffic, heavy machines etc.) (Bonnefoy-Claudet et al.,
2006). The microseisms are continuous oscillations of the ground (Lounguet-Higgins,
1950) produced by oceanic gravity waves (ocean swell), wind waves, and ocean
infragravity waves (Nishida, 2017). Below 1 Hz, the ambient seismic wavefield
classifies into; the seismic hum (1-20 mHz), primary microseisms (0.02-0.1 Hz) and
secondary microseisms (0.1-1 Hz) (Figure 3.1). The excitation of microseisms is
related to changing weather conditions and ocean swell activity (Figure 3.2). They are
the result of intersections between the ocean, climate and lithosphere. Thus, it should
be considered as an ocean-atmosphere-solid earth coupled system (Tanimoto et al.,

1998).
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Figure 3.1: The schematic view of frequency range of ambient seismic wavefield
(Nishida, 2017).
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Figure 3.2: A schematic view of the excitation of a) seismic hum and b) microseisms
(Nishida, 2017).

20



There are limitations of using the seismic waves which occurred from earthquakes or
explosions. These limitations are the high cost of the explosions and the
inhomogeneous distribution of seismic stations and earthquakes. The advantage of
using seismic noise is that it does not require any demanding source for ground shaking

such as earthquakes or explosions.

Most recently, seismic ambient noise tomography has become an alternative method
to image the Earth’s interior by using direct waves. The noise can be recorded
continuously at any location. The cross-correlation of ambient seismic wavefield
between two seismic stations gives the Green’s functions or impulse response between
them (Nishida, 2017) (Figure 3.3). By extracting the Green’s functions, it is possible
to have an information about the structure between two stations of a station-pair. For
a much detailed investigation of such possible structural differences, Green’s functions

are used to perform a tomographic inversion.
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Figure 3.3: The difference of the process by using active source and passive source.

The seismic ambient noise was first time successfully performed in Campillo and Paul
(2003) Shapiro and Campillo (2004). Examples of the first tomographic imaging that
exploit ambient noise-derived dispersion curves are given in Shapiro et al. (2005) (see
Fig. 3.5) and Sabra et al. (2005). Following these studies, seismic ambient noise
imaging has rapidly become a popular imaging tool of passive seismology experiments

conducted at different scales from very shallow to upper mantle depths, in order to
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delineate subsurface heterogeneities (e.g. Yang et al., 2007; Mordret et al., 2013;
Saygin et al., 2013; Gao and Shen, 2014; Saygin et al., 2015; Kim et al., 2016). For
example, Yao et al. (2006), Lin et al. (2008), Moschetti et al. (2010), Saygin and
Kennett (2012) and Zulfakriza et al. (2013) are some other well-known examples of
ambient noise tomography inversion to map high-resolution crustal heterogeneities. A
comprehensive review of the historical background and development of the ambient
noise techniques with example studies can be found in Weaver (2005) and Snieder and

Larose (2013).

3.2 Retrieval of Green’s Function

If we consider two receivers xaand xs, and apply a cross-correlation operation to the
observed noise data recorded at two stations, we will be measuring similarities of the
waveforms (Figure 3.3). Hence, cross-correlation will yield the same response of the
structure beneath them. Lobkis and Weaver (2001) have defined the Green’s function
by:

G(x,x',t) = z Up () uy (x")cos (wyt)H (L) 3.1

n

where H(?) is the Heaviside function which is zero for negative time and one for

positive time, w,, is angular frequency of mode n.

The cross-correlation between two stations xaand xg will be,

Cap (1) = S[G(x4,xp,T) + G (x4, x5, —7)] (3.2)

C,5(7) represents the cross-correlation function and 7 is the lag time.

When the noise is distributed evenly, the cross-correlation of xaand xg gives represents
the superposition of Green’s functions and G(x4, x5, 7T) and its time-reversed

counterpart G (x4, Xg, —T).

Figure 3.4 presents a simple and summarized depiction of retrieval of Green’s function
between two stations xa and xg. If the noise sources are distributed evenly by sampling
the region around station pairs with a good azimuthal coverage (Fig. 3.4a) in the space,
then the azimuthal variation of the Green’s functions will exhibit correlation time lags

with a m-periodicity and varying polarities between negative and positive amplitudes
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(Fig. 3.4b). Summing up traces representing noise sources from different azimuths in
Fig. 3.4b will only result in the Green’s functions corresponding the noise sources
located at azimuths inline with the azimuth of the station pair (Fig. 3.4c). This is

because the noise sources outside the stationary phase zone cancel each other.
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Figure 3.4: Retrieval of the Green’s function, a) the noise evenly distributed in space
(red dots) around the receivers xaand xg, b) the cross-correlation of the
noise for each source, c) the sum of the cross-correlations (Sneider and
Wapenaar, 2010).
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Figure 3.5: Group velocity maps obtained by cross-correlating the one month noise a)

Rayleigh waves for period 7.5 sec b) Rayleigh waves for period 15 sec
(Shapiro et al., 2005).

3.3 Nonlinear Traveltime Tomography

3.3.1 Principle

When a seismic wave propagates inside a medium from a source to a receiver, it will
take a certain amount of time to reach the receiver mainly controlled by seismic wave

speed properties. Assuming a reference Earth model where the seismic velocities are
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known, the traveltimes of different seismic waves can be predicted. However, the
observed traveltimes can be generally different from these predicted ones. Observed
discrepancies between observed and predicted travel times are known as traveltimes
anomalies. The main purpose of seismic tomography experiments is to converge
observed traveltimes using an inversion scheme in which initial velocity model
repeatedly in a systematic way is updated till reaching an optimum velocity model
resulting in traveltimes with the most possible similarity that of observed ones. Such
optimization strategy allows resolving a complex unknown velocity models of the

subsurface.

The equation (3.1) from Rawlinson et al. (2003) represents the traveltimes of a seismic

wave that travels in a medium with a velocity of v(x).

1

L(v)

where L indicates the raypath. v(x) the velocity field. The non-linear equation implies
the unit path length described within integral equation dependent on unknown velocity

field v.

3.3.2 Tomographic inversion

The inverse of the velocity field is called the slowness field, this quantity is used during
the tomographic inversion. The subsurface is discretized into cells, each of them
having a unique value of slowness (or velocity). Considering many sources and
receivers, the data will consist of multiple ray paths with different traveltimes. The
model parameter m represents the unknown velocity field and while data d indicates
observed traveltime residuals. The forward calculation of travel time residuals in this

problem is given by:
d = Gm (3.4)

G is known kernel and indicates the relationship between the data and the model for a

tomographic problem.

The inverse problem involves the minimization of traveltime residuals that simply

indicate the differences between observed data and the response of any given model
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introduced to the system. However, because of the nonlinearity of the inverse problem
a priori information on the model parameters (e.g. an initial model) and regularization
has to be introduced to the inverse problem. Then our objective function ¢p to be

minimized takes its following form:
¢(m) = (d — 6m)"(d — Gm) + e(m — my)" (m — my) (3.5)

where is € the damping parameter that controls the influence of the poorly constrained
regions of the model. m, is a reference model. Spatial smoothing is another parameter

required to regularize the inversion.

The inversion scheme here can be defined as an iterative workflow of which main

steps are listed below (Tarantola, 2005):

1) parametrization of the model, the model parameters are defined using an initial

model at the beginning,
i1) forward modelling to calculate the responses using the model parameters,

ii1) minimzation of objective function to estimate the actual model parameters via the

use of observed data.

3.4 Transdimensional Bayesian Tomography

3.4.1 Bayesian inference

The model parameters m represents the unknown velocity field which is here, the
Voronoi nuclei. Being unknown in the problem, posterior distribution has a numerous

of maximas (Figure 3.6) (Bodin, 2010).

It includes a highly nonlinear G function in Equation 3.4. The posterior probability
distribution which is the probability density of the model parameters m with the
observed data dobs written as, p(m|deps) (Smith, 1991). Bayes’ rule involves the
manipulation of conditional probability which is defined as Bayes' Theorem and

written as;

p(mldyps) < p(d,pslm)p(m) (3.6)
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100

Figure 3.6: a) The best fit model which is the only global minimum b) probability
density function which has numerous maximums (Sambridge and
Mosegaard, 2002).

where the observed data and model parameters are debs and m respectively,
p(d,,sIm)is the likelihood function which quantifies the probability of observing the

measured data given a model. p(m) is the a priori probability density of m.

The likelihood p(d,,s|m) has an important role on the estimation of the model
parameters for a given data. The aim is to obtain a minimum misfit between estimated

data and observed data,
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2

¢(m) =

g(m) - dobs
- — (3.7)

¢ (m) is the misfit, g(m) is the estimated data, and o4 is the estimated variance. The

likelihood as the form of a Gaussian likelihood function:

(3.8)

¢(m)
2

p(dobslm) X exp{

Detailed information about the Bayesian inference can be found in Box and Tiao
(1973), Tarantola and Valette (1982), Duijndam (1988a), Smith (1991) and Gelman et
al. (1995) and Mosegaard and Tarantola (1995).

3.4.2 Tomographic inversion

The transdimensional Bayesian tomography is a Bayesian inference approach where
many potential solutions are generated. It uses a Markov chain Monte Carlo (McMC)
method to estimate the probability distribution of the model parameters. To estimate
the posterior density, the model space has to be evaluated at different positions (Bodin
and Sambridge, 2009). The McMC method is an iterative stochastic approach which
is a solution for the high-dimension of the model space which increse the number of
models to test (Bodin and Sambridge, 2009). An extended information about McMC
can be found in Gilks et al. (1996) and Sivia (1996).

For each Markov chain, the starting point is randomly selected and the models are
generated in terms of the previous model (Bodin and Sambridge, 2009), using the
Metropolis—Hasting algorithm (Metropolis et al., 1953; Hastings 1970) which accept

or reject new proposed models.

Where the tomographic inversion will give a single best model (Figure 3.6a), the
Bayesian inversion gives a probability distribution as the complete solution as it allows

evaluating uncertainty on the results.

During the tomographic inversion, the parameters required for regularization of
inversion (e.g. mesh size, damping, smoothing parameters, etc.) are chosen by the user
on an arbitrary basis. Such parameters are tested by the geophysicist until the final
inversion result reaches a satisfactory level. The transdimensional Bayesian

tomography developed by Bodin et al. (2012) invert simultaneously for the number of
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cells in the model, their geometries and their seismic velocities. It can treat the noise
as unknown. Then the parametrization is directly determined by the inversion. The
velocity field is represented with irregular Voronoi cells (Figure 3.7), which vary in
size and shape depending on data resolution conditions in the model space and reflect
the resolution in the model due to the irregular distribution of the station (Sambridge

etal., 2013).

Figure 3.7: An example of a Voronoi cells which are in irregular shape shown in black
lines and nodes shown in red dots (Bodin et al., 2012).

In order to avoid unrealistic Earth models, the inversion considers prior information
on the parameters, such as the range of seismic velocity expected, the range on the

number of cells or the range on the noise that might be considered.

For the forward modelling, the Fast Marching Method (FMM, Rawlinson and
Sambridge, 2004a, b) is used to update the raypaths. In Figure 3.8, the tomographic
scheme is shown. The ray geometries are updated at each iteration by using FMM. For
the inversion step, reversible jump Markov chain Monte Carlo (rj-McMC) algorithm
(Green 1995) is used to determine the partitioned velocity models (inside the inner

loop shown in Figure 3.8) that forms the reference model for the next iteration (Bodin

and Sambridge, 2009).
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Figure 3.8: The steps of tomographic inversion used in this study (Bodin and
Sambridge, 2009). Two loops are shown; the black lines show the outer
loop and the dashed red lines show the inner loop.

In this thesis, our main aim is to conduct the transdimensional Bayesian tomography
inversion adapting the 1j-McMC algorithm (e.g. Bodin et al., 2012) to the traveltime
residuals extracted from the cross-correlated ambient noise data along the northwest
of NAFZ and surrounding regions. In addition to the Bayesian approach, the non-linear

tomographic inversion, for comparison was also applied to the same dataset.
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4. DATA

4.1 Data Sources

In order to obtain a high-resolution crustal structure image of the north-western part of
the NAFZ including the Sea of Marmara, we use continuous recordings of 112
temporary and 84 permanent broadband and short-period seismic stations operated in
the region. The data were obtained from the IRIS and AFAD repositories. The Dense
Array for North Anatolia (DANA) seismic network was operating for 18 months
between May 2012 and October 2013 with a dense coverage, inter-station spacing of
7 km. The DANA network consists of 70 temporary broadband seismic stations and
additionally 3 permanent Kandilli seismic stations. In order to increase the station
coverage, the permanent Kandilli (73 seismic stations) and the AFAD (31 seismic
stations) networks and other 42 temporary seismic stations which have been operating
at various time periods between 2005 and 2017 were used. In Figure 4.1, the locations
of seismic stations that are used in this study are shown. Blue triangles indicate the
AFAD network, red triangles represent the Kandilli network and orange triangles show

all temporary seismic stations recording in the region.

The typical inter-station spacing varies between 10 km and 400 km. The sampling rates
of the recordings range from 20-50 Hz. The data were downsampled to 10 Hz to obtain
a unique sampling rate and a zero-phase low pass filter was applied to each seismic
record prior to downsampling. The recordings from various types of sensors were used
to calculate cross-correlations. However, we did not apply systematic instrument
corrections to all records in order to unify the sensor responses because our tests
showed that using different instrument responses had no effect on the resultant

correlation functions within the bandwidth of frequency (Figure 4.2).

4.2 Data Processing

Following the downsampling process, we benefit from the following recipe described

in Saygin and Kennett (2010) and Saygin and Kennett (2012) to obtain Green’s
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Figure 4.1: Locations of the seismic stations used in this study. The background digital
elevation model is from ASTER2 (Geyer, 2015), and the bathymetric data
is from GEBCO, provided by GEBCO (1997). Red dashed lines represent
the suture zones. AAB: Armutlu-Almacik Zone, CB: Cmarcik Basin, 1Z:
Istanbul Zone, NAF: North Anatolian Fault, SZ: Sakarya Zone, TB:
Tekirdag Basin

functions using seismic noise cross-correlations among vertical components of seismic

stations:
1. Preparation of daily SAC files observed for every receivers.
2. Eliminate the problematic records related instrumental problems.

3. Dividing 4 hours of segments from full day records into, and generating cross-

correlations via a 1-hour overlap at each station pair.
4. Daily estimates are obtained by averaging the cross-correlation segments.

5. Enhancement of the signal to noise ratio of the final Green’s functions by

stacking all averaged correlations for each days
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Figure 4.2: Instrument response test applied to the cross-correlation between the
stations EASY and EDRB.

6. The cross-correlation is computed for data with a length of 300 seconds and

adjacent streams have an overlap of 60 seconds.

Once the construction of cross-correlation traces is completed, all the available traces
are stacked to create the final inter-station correlogram. Figure 4.3 shows an example
of obtained cross-correlation between the stations TVSB and ADVT. In total, 24310
cross-correlations were obtained and visual identification was made manually for
every cross-correlation to avoid picking noise or higher mode energy. In Figure 4.4,
data traces of cross-correlations extracted for four examples are shown. The visual

identification was made by comparing at the cross-correlations between one station

and others.
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N TVSB KO-AADVT KO —|
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Figure 4.3: An example of cross-correlation between TVSB and ADVT stations.
Approximately at -50 sec and 50 sec, the two-sided Green's function of the
Rayleigh wave is observable.
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Figure 4.4: Four examples of cross correlations between stations TVSB and DBO1,
DB02, DB07, DBOS.

Two examples of estimated Rayleigh wave Green's function as a function of a distance
between one station and all the others from ambient seismic noise is shown in Figure
4.5. In Figure 4.5a, station TVSB (Tavsanli) in the southern part of the study area and
in Figure 4.5b, station KLYT (Kilyos) in the northern part of the study area is
presented. An increase in the arrival time with the interstation distance and the two-
sided Green's function of the Rayleigh wave is observable in Figure 4.5. All the
waveforms were filtered between 0.1 Hz and 1.0 Hz and normalized to unity. We
applied a gain function to cross-correlations in Figure 4.5 to suppress the waves
between -10 and 10 seconds. A narrow-band Gaussian filter was applied to every
Green's functions to extract the group velocities from the arrival times by using
multiple filter analysis. This technique is used to estimate group velocities through the

cross-correlation of recorded noise.

We use a period range from 1 second (1 Hz) to 20 seconds (0.05 Hz). For periods more
than 20 seconds, the extracted Green's functions do not carry upward information
about the structure of the study area most likely due to the poor raypath coverage. A
maximum over 6000 interstation traveltimes were acquired by manual picking at each
period. An example of extracting group velocities from the arrival times by using
multiple filter analysis technique is shown in Figure 4.6. In Figure 4.7, the number of

filtered and picked Green's functions for each period is shown.
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Figure 4.5: Extracted Green's functions between all the available stations and

a)TVSB, b)KLYT stations. Green lines correspond to 2.4 km/s group
velocity.

UCkmssec)

2. 70

2. 40

1.80

100 1ot
Fericd (=]

Figure 4.6: An example of the filtering process shows the group velocities in respect

to period.
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number of picks is over 6000 for period 3 s.
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5. APPLICATION OF THE INVERSION TO DATA

5.1 Tomographic Inversion

A fully nonlinear 2-D tomographic inversion was performed to resolve seismic
velocity maps for periods ranging between 1 and 20 s. We used a 50 x 50 (roughly
corresponding 10 km x 20 km) grid spacing and assumed a reference velocity of 2.4
km/s for the inversion at each period. The observed travel time residuals were inverted
using the Fast Marching Method (FMM, Rawlinson and Sambridge, 2004a,b) forward
traveltime calculations and subspace inversion. We performed several inversion tests
by experimenting different sets of damping and smoothing values. Figure 5.1 shows
that the variation of these two parameters did not produce big differences in the
inversion results. Thus, we fixed the final value of damping to 500.5 and of the

smoothing to 500.5.

N Q
27°E 28°E 29°E 30°E

150 175 200 225 250 275 3.00
Group Velocity (kmis)

Figure 5.1: Effects of the smoothing and damping parameters on the inversion results.
The damping € and smoothing n parameters are; a) €=10.5 n=10.5, b)
€=100.57=100.5 , c) € =500.5 n =500.5 , d) €=1000.5 n=1000.5

37



The ray paths were calculated by applying the fully nonlinear inversion with 6
iterations. In Figure 5.2, the new effective ray path coverage for the 3 sec period which

corresponds to the maximum interstation traveltimes is shown.

26° 27 28° 29° 30° 31°
| | |

Figure 5.2: The map of raypath coverage of the study area for period 3 sec after
applying the fully nonlinear inversion. Red triangles represent the seismic
stations that are used in this study.

5.2 Transdimensional Bayesian Tomography

We performed a fully non-linear inversion using a Bayesian framework. As already
mentioned in Chapter 3 the advantage of this framework compared to standard
tomography is that it allows obtaining an ensemble of solutions with a full probability
distribution. This posterior probability distribution contains a large ensemble of
models that satisfy the data, allowing a statistical assessment of the model uncertainty.
The method uses the reversible jump Markov chain Monte Carlo method in the
sampling process implemented by Bodin et al. (2012). In this method, in addition to
the velocity field, the number and position of cells, and the data noise are all part of

unknowns.

In this work, we used a prior distribution for the group velocity range for the number

of Voronoi cells between 1.0 and 3.2 km/s and between 2 and 1000 cells, respectively.
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The 1j-McMC was run with using 200 parallel Markov chains on supercomputing
cluster. Each chain was run on a single core and did 200000 iterations in total where
100000 burn-in steps and 100000 post burn-in steps at each period. In the first iteration,
the ray paths were assumed as to be straight lines. Then between each run of inversion
the raypaths were updated with the new velocity model using FMM. Five iterations
were achieved to update the raypath geometries at each period. The velocity models at

each iteration for period 3 sec is shown in Figure 5.3.
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6. RESULTS AND INTERPRETATIONS

The main motivation of the current thesis is to adapt a transdimensional Bayesian
inversion approach using Green’s functions which were retrieved along the northwest
NAFZ. Prior to this using exactly the same dataset, we tested rather simple nonlinear
tomography method that has been conventionally employed in various early ambient
noise tomography experiments. Despite the fact that, inversion algorithms employed
here are based on different frameworks with different strategies when resolving
unknown parameters in model space, lateral variations of group velocities with similar
types of features over the study area have strongly evidenced the tomographic images
might be required by data. Our choice for preferring Bayesian inversion approach in
this work is that, it does not depend on any user chosen parameters that are necessary
during the regularization of the objective function. Such parameters namely, damping
and smoothing parameters can introduce strong artefacts into the solution. However,
we have shown that possible influence of the various implementation of these
parameters should be very small (e.g. no drastic change in tomographic images) when
a nonlinear tomography approach was applied (Fig. 5.1) for the study area. In this
study, we have shown that the Bayesian approach would not need any fixed spatial
model parametrization but instead, it achieves parametrization in lateral and vertical
directions in an adaptive manner by considering actual data resolution. Overall the
advantage of the Bayesian framework can be summarized by; i) adaptive with the
irregular Voronoi cells vary in size and shape depending on data resolution conditions
in the model space, ii) independent from the damping and smoothing parameters, iii)
it gives a probability distribution as a complete solution as it allows to evaluate

uncertainty on the results, not a single best model like the tomographic inversion.

In this chapter, we will start by describing characteristic features that we obtained from
two types of inversions. Group velocities shown here in general at longer periods must

be associated with relatively deep structures and vice versa.

In Figure 6.1, the nonlinear tomography images from periods 1 sec to 20 sec are
presented. From nonlinear direct tomography images, it is evident that the group

velocities of the Rayleigh waves vary with a range between 1.4 km/s and 3.4 km/s. At

41



all periods, the velocity anomalies demonstrate spatial variation of relatively high and
low velocity anomalies. For higher frequencies (shorter periods), the path coverage
tends to be good and the estimated group velocities vary between 1.6 km/s and 3.2
km/s.

Lateral variations of group velocities resolved from the transdimensional Bayesian
inversion are presented in Figure 6.2 for the same periods between 1 sec and 20 s.
Reliability of group velocities can be tested corresponding uncertainty maps displayed
in Figure 6.3. For group velocity maps at periods smaller than 10 s, the region of small
uncertainties (e.g. <0.2 km/s) corresponding high-resolution model results appear to
expand a broader space compared to those higher than 10 s. Notably high uncertainty
(~0.4 km/s) area roughly between 27E-28E and 41N-42N is present for almost all

periods and stems from the lack of crossing ray-paths in this region.

As a significant tectonic feature within our study, the NAFZ and its segments are well
marked by low group velocity distribution as this implies zones of highly deformed
and distributed crustal features along major fault zones in continents. Similar type of
pattern along the NAFZ have been earlier imaged by full-waveform modelling studies
(e.g. Fichtner et al., 2013a,b; Cubuk-Sabuncu et al., 2017) and in the ambient noise
tomography study conducted in a much regional scale covering entire Anatolia by
Delph et al. (2015) although resolution power is stronger in our study. In the western
US, along the San Andreas Fault Zone, which is another typical active continental fault
zone that has been the focus of extensive scientific attention owing to its seismic
hazard potential Shapiro et al. (2005) were able to detect lower speeds are observed in

the Mojave Shear Zone and along the Garlock Fault.

There is an apparent continuity of low group velocity variation along the east-west
oriented segmentation along the NAFZ for various frequencies, in particular between
1 to 10 s. However, for an actual knowledge on its depth extent, we further suggest S-
velocity inversion which can potentially tell us whether the shear deformation remains
in narrow localized zones in relation to the brittle deformation in the upper crust or

becomes widening to the lower crustal depths due to ductile flow.

Generally speaking a lateral variation of group velocities for a frequency range
between 1 to 10 s, which most likely provides much reliable data resolution and hence

model resolution indicates some prominent characterized very low absolute group
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velocities. Tekirdag Basin to the west of our model is characterized by one of those
low-velocity regions falling between 27.5E-28.0E and 40.5N-41IN. Signatures of
Tekirdag Basin in early studies (e.g. Delph et al., 2015; Cubuk-Sabuncu et al., 2017)
were implied but with low-resolution capability compared to this study. Here provide
valuable constraints on the structure of Tekirdag Basin. Another notable low-velocity
area is located at the eastern side of the Sea of Marmara expanding over an area
between 28.75E-29.25E and 40.7N-40.9N. From local geological constraints of the
Sea of Marmara, we know that significant low-velocity variation here might be
associated with Cinarcik Basin. Apparent higher absolute group velocities in between
Tekirdag Basin and Cinarcik Basin for periods 1 to 10 s could stem from the Central
and Western Highs that have been previously reported with high-velocity P-wave
velocity Bayraker et al. (2013) and high resistivity anomalies that is attributed to
asperity zones in the Sea of Marmara by Kaya (2012).

At the easternmost part, where we expect highest data resolution, the NAFZ crosses
different geological zones. Istanbul zone consists of Precambrian crystalline overlaid
by a continuous sedimentary sequence (Okay et al. 1999). Relatively high-velocity
anomalies at upper crustal depth-resolved in a very recent teleseismic P- and S-wave
tomography study by Papaleo et al. (2017, 2018) confirmed the dominant effect of
Precambrian crystalline rocks. Similarly, coda waves analyses of local earthquakes
specifically in this region exhibit low attenuation both for inelastic absorption and
scattering attenuation in the region (e.g. Izgi et al., 2018) as being in a good accordance
with significant high group velocities resolved following both Bayesian and nonlinear
inversions in this study. In this part of the study region, Kahraman et al. (2015) have
modelled the crustal structure of the region via inversions of P-receiver functions
observed a high velocity and low-velocity zones beneath Istanbul Zone and Armutlu-
Almacik Block, respectively. Our group velocity maps indicated visible low velocity
confirming the Almacik Block with a low uncertainty estimates (ranging 0.0-0.1) of
model parameters. Such coherency with P-receiver function models (Kahraman et al.,
2013) and teleseismic tomography inversion results (Papaleo et al., 2018) suggest the
reliability of our maps although three different method compared here pose different

sensitivities to the same structures due to their changing frequency contents.
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between 1 sec and 20 sec. The group velocity ranges between 1.4 km/s and

3.2 km/s. Black lines represent the NAFZ, dashed red lines represent the
suture zones. AAB: Armutlu-Almacik Block, AB: Adapazari Basin, CB:

Cinarcik Basin, IZ: Istanbul Zone, SZ: Sakarya Zone, TB: Tekirdag Basin.
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Bayesian tomography for periods between 1 sec and 20 sec. The group

velocity ranges between 1.4 km/s and 3.2 km/s. Black lines represent the

NAFZ, dashed red lines represent the suture zones.
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Figure 6.3: The uncertainty maps for periods 1-20 sec, The uncertainty tanges between
0.0-1.0 km/s. 0.0 km/s represents the lowest uncertainty and 1.0 km/s
represents the highest uncertainty. Black lines represent the NAFZ, dashed
red lines represent the suture zones.
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Figure 6.3 (continued): The uncertainty maps for periods 1-20 sec, The uncertainty
tanges between 0.0-1.0 km/s. 0.0 km/s represents the lowest uncertainty and
1.0 km/s represents the highest uncertainty. Black lines represent the NAFZ,
dashed red lines represent the suture zones.
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Figure 6.3 (continued): The uncertainty maps for periods 1-20 sec, The uncertainty
tanges between 0.0-1.0 km/s. 0.0 km/s represents the lowest uncertainty and
1.0 km/s represents the highest uncertainty. Black lines represent the NAFZ,
dashed red lines represent the suture zones.
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Figure 6.3 (continued): The uncertainty maps for periods 1-20 sec, The uncertainty
tanges between 0.0-1.0 km/s. 0.0 km/s represents the lowest uncertainty and
1.0 km/s represents the highest uncertainty. Black lines represent the NAFZ,
dashed red lines represent the suture zones.
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Figure 6.3 (continued): The uncertainty maps for periods 1-20 sec, The uncertainty
tanges between 0.0-1.0 km/s. 0.0 km/s represents the lowest uncertainty and
1.0 km/s represents the highest uncertainty. Black lines represent the NAFZ,
dashed red lines represent the suture zones.
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Figure 6.3 (continued): The uncertainty maps for periods 1-20 sec, The uncertainty
tanges between 0.0-1.0 km/s. 0.0 km/s represents the lowest uncertainty and
1.0 km/s represents the highest uncertainty. Black lines represent the NAFZ,
dashed red lines represent the suture zones.
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Figure 6.3 (continued): The uncertainty maps for periods 1-20 sec, The uncertainty
tanges between 0.0-1.0 km/s. 0.0 km/s represents the lowest uncertainty and
1.0 km/s represents the highest uncertainty. Black lines represent the NAFZ,
dashed red lines represent the suture zones.
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Figure 6.3 (continued): The uncertainty maps for periods 1-20 sec, The uncertainty
tanges between 0.0-1.0 km/s. 0.0 km/s represents the lowest uncertainty and
1.0 km/s represents the highest uncertainty. Black lines represent the NAFZ,
dashed red lines represent the suture zones.
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Figure 6.3 (continued): The uncertainty maps for periods 1-20 sec, The uncertainty
tanges between 0.0-1.0 km/s. 0.0 km/s represents the lowest uncertainty and
1.0 km/s represents the highest uncertainty. Black lines represent the NAFZ,
dashed red lines represent the suture zones.
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Figure 6.3 (continued): The uncertainty maps for periods 1-20 sec, The uncertainty
tanges between 0.0-1.0 km/s. 0.0 km/s represents the lowest uncertainty and
1.0 km/s represents the highest uncertainty. Black lines represent the NAFZ,
dashed red lines represent the suture zones.
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7. CONCLUSION

We have established a Rayleigh wave Green function database via correlations of long
sequences of ambient seismic noise along the northwest part of Anatolia including
regions the Sea of Marmara to the west and three tectonic units separated by branches
of the NAFZ to the east. Our data set does not depend on recorded seismicity at any
given stations but instead, noise recorded at two stations. Thus, using ambient noise
can bring advantageous in case of imaging where local seismic activity is absent or
very limited due to the instrumental difficulties (insufficient number of permanent

Ocean Bottom Seismometers-OBS, etc.).

Transdimensional Bayesian inversion method and nonlinear tomography inversion
algorithms were applied to a merged data set, which consists of Green’s functions
established via cross-correlation between station-pairs belonging to available
permanent and temporary seismic networks at the northwest part of Anatolia. Resultant
maps of lateral variation exhibited similarly typical low velocities with low
uncertainties for basin structures, i.e., Cinarcik, Tekirdag, and Adapazari Basins
between periods 1 and 10 s. A clear signature of the NAFZ as an active continental
fault zone in the area is marked by low group wave speeds. To the east, we were able

to identify Istanbul-Zonguldak Zone with remarkable high group velocities.
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