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ABSTRACT

THE CRUSTAL STRUCTURE OF THE MARMARA REGION USING
RECEIVER FUNCTION ANALYSIS

The Marmara Region is a rapidly deforming area with high seismic activity in the
northwestern Turkey. In order to further understand the crustal structure in the region, we
present results from receiver function analysis using the permanent stations in the region
by applying H-« stacking algorithm which gives crustal thickness and Vp/Vs ratio beneath
a station. 40 land stations between January of 2008 and April of 2012, and five cabled Sea
Bottom Observatories which were deployed at the end of 2010 by Kandilli Observatory
and Earthquake Research Institue located between 40.2°-41.2° N and 26.5°-30.5° E were
included in the analysis. Approximately 250 teleseismic events from a wide range of
epicentral distances with magnitudes greater than Mw 5.5 are used to obtain receiver
functions. Furthermore, in order to calculate the receiver functions in time domain using
iterative deconvolution technique suggested by Ligorria and Ammon (1999).
Consequently, the crustal structure of the region has been reasonably defined and
compared with the other studies. As a consequence of the receiver function analysis, the
Moho depth variation map and Vp/Vs ratio map were plotted. The Moho depth on average
is 31 km. There are no sharp changes in the crustal thickness of the Marmara Region
except North Marmara Trough because basin structure of the Marmara Sea where crustal
thickness reaches up to 26 km in the same region was not observed. Furthermore, we found
overall average Vp/Vs ratio of 1.74, for the region but we obtained low Vp/Vs ratios in the
stations located near Cinarcik Basin which varies between 1.64 - 1.74 indicating the effect
of basin structure in the area and North Marmara where Vp/Vs ratios vary between 1.60
and 1.70 whichis related to the sediment structure of the area. We also acquired higher
Vp/Vs ratios which are between 1.86 and 1.96 in the Western Marmara Region. This can
be due to increasing mafic content in this area. Additionally, an attempt has been made to
invert the radial receiver function of the station KCTX using iterative linear 1D inversion

method in order to compare the Moho depth values with two different techniques.



Vi

OZET

ALICI FONKSIYONLARI KULLANARAK HESAPLANAN
MARMARA BOLGESI KABUK YAPISI

Marmara Bolgesi, Tiirkiye’nin kuzey batisinda yer alan yiiksek sismik aktivite ile
hizli deforme olmus bir bolgedir. Bolgedeki kabuk yapisini daha iyi anlamak igin;
bolgedeki kalict deprem istasyonlar: kullanilarak, alict fonksiyonu analizlerinden bir
istasyon altindaki kabuk kalinligmi ve Vp/Vs oranmi veren H-x yigma algoritmasini
uygulayarak sonuglar alinmustir. 2008 Haziran ve 2012 Nisan tarihleri arasinda, 40.2°-
41.2° B ve 26.5°-30.5° E arasinda kalan bolgede bulunan 40 adet kara istasyonu ve 2010
yilinin sonunda KOERI tarafindan yerlestirilen bes adet denizalt1 gozlemcisi bu ¢alismaya
dahil edilmistir. Alici fonksiyonlar1 elde etmek icin, genis bir merkez tiissii uzaklik
araliginda, Mw degeri 5.5 ve lizeri olan yaklasik 250 uzak deprem kullanildi. Ayrica,
zaman ortaminda alic1 fonksiyonlar1 hesaplamak igin, Ligorria and Ammon (1999)
tarafindan ortaya atilan Tekrarlamali1 Ters Evrisim Teknigi kullanildi. Sonug olarak, bolge
icin makul bir kabuk yapis1 belirlendi ve diger ¢alismalarla karsilastirildi. Alic1 fonksiyonu
analizleri sonunda, Moho derinliginin ve Vp/Vs oraninin degisimini gosteren haritalar
¢izildi. Marmara Denizi’nin basen 6zelligi gosteren ve kabuk kalmligi 26 km’ye kadar
uzanan Kuzey Marmara alt basen bolgesi harig, kabuk kalinliginda ani keskin degisimler
gbzlemlenmedi ve Moho derinligi ortalama olarak 31 km hesaplandi. Buna ek olarak,
ortalama Vp/Vs oram 1.74 olarak bulundu. Cinarcik Havzasi yakinlarindaki istasyonlarda,
1.60-1.74 arasinda degisen diisiik Vp/Vs oranlar1 ve Kuzey Marmara’da 1.60-1.70 arasinda
degisen ve bdlgenin sediman yapisma karsilik gelen diisiik Vp/Vs oranlar1 gézlemlendi.
Diger taraftan, mafik igerigi fazla olan Bati Marmara Bolgesi’'nde, 1.86-1.96 arasinda
degisen Vp/Vs oranlar1 elde edildi. Bunlarin yanisira, KCTX istasyonun radyal alici
fonksiyonunu ters ¢oziimlemek igin yinelemeli dogrusal bir boyutlu ters ¢6ziim yontemi

kullanarak, Moho derinligi farkli iki yontemle karsilastirilmis oldu.
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1. INTRODUCTION

For the sake of simplicity, the interior of the earth can be assumed to have
horizontal layers affecting the seismic energy arriving at a given station.Using this
assumption, obtaining the seismic velocities of the horizontally layered earth model is
relatively easy by using seismic wave recordings that are created by natural or artificial
sources. In this point of view, the first attempt to investigate the boundary between
the Earth's crust and the mantle was made by Mohorovicic (1909). The boundary is named
as Moho discontunity when he found an increase of velocity beneath the shallow rocks in
Europe.

The knowledge of the Moho depth may be used to understand the type of crust, the
structure of crust and the tectonic evolution of continents. For this purpose, teleseismic
body waves have been used extensively for a long time to reveal crustal and lithospheric
structures beneath recording stations. Phinney (1964) used spectral amplitude ratio of the
three component recordings under the name of crustal transfer method. The method has
been subsequently improved by Burdick and Langston (1977). Langston (1979) finally
developed receiver function method by using time domain transformation of the complex
spectral ratio of the three component recordings. Later, Owens et al., (1984) applied
linearized time-domain inversion routine to the receiver function obtained from broad-band
data. Several authors are then addressed the issue of non-uniqueness of the receiver
function inversion with different inversion algorithms (Ammon et al., 1990; Ozalaybey et
al., 1997; Sandvol et al., 1999; Sambridge et al., 1999). It is now one of the most widely

used technique to determine the crustalstructure beneath the seismic stations.

Various studies have been done in order to better understand the tectonic evolution
of Marmara Region especially after the 17" August 1999 izmit earthquake which caused
extensive damage and high loss of human life. However, the studies comprise mainly
eastern part of the Marmara Region. Therefore, we wanted to apply the receiver function
method for the whole Marmara Region to determine the depth to Moho discontinuity and
Vp/Vs ratio. The waveforms of approximately 250 teleseismic events extracted from the

continuoes recordings of the 40 land and five cabled Sea Bottom Observatory Stations for
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a wide range of epicentral distances with magnitudes greater than Mw 5.5 were used to
obtain receiver functions to better understand the variation of Moho depth and Vp/Vs
ratios in the Marmara Region.

In order to analyze the teleseismic data, we applied usual processes such as rotating
three component records to obtain radial and transverse components and filtering to
suppress noise and also remove the effect of small-scale heterogenities. After these steps,
we computed the receiver functions in the time domain using the iterative deconvolution
technique suggested by Ligorria and Ammon (1999). Finally, we applied H-x stacking
analysis method which is a transformation from the time domain of receiver function
directly into H (depth) and the Vp/Vs ratio. The H-x stacking method has been used by
several scientists (e.g. Zhu and Kanamori, 2000; Julia et al., 2005; Julia and Mejia, 2004)
recently.

In this thesis, we presented brief information about the geology and tectonics of the
region in the 2™ Chapter. In the 3" Chapter, we gave the methodology of H-kstacking
algorithm and receiver function technique in details. In the 4™ Chapter we presented the
data set and station distrubiton. Finally, we showed the H-« stacking map for each station

and discussed the results with the Moho depth and Vp/Vs variation map in the 5" Chapter.



2. TECTONICS OF THE MARMARA REGION AND PREVIOUS
STUDIES

2.1. Tectonics of the Marmara Region

The Marmara Region is located in northwest Turkey and it is situated between the
Aegean, Balkan, Black Sea, and Anatolian regions. The region is a transition zone between
the strike slip regime of the North Anatolian Fault and the NS extension of the Aegean Sea
Area. The area has witnessed several major historical earthquakes as shown in Figure 2.1.
The most recent one, 17 August, 1999 izmit earthquake (Mw=7.4) caused extensive
damage and high loss of human life.

[HISTORICAL EARTHQUAKES and ACTIVE FAULTINGJ

MARMARA REGION

Figure 2.1. Active faulting and historical earthquakes in the Marmara Region (modified
after Barka, 1997).

The NAF is a one of the largest plate bounding transform and well known
seismically active strike slip fault that extends for about 1200 km from Karliova Junction
to mainland Greece between Eurasian, Anatolian Plates as shown in Figure 2.2. Anatolian

plate, caught between the converging Eurasian and Arabian Plates, escapes westwards



along the dextral North Anatolian and sinistral East Anatolian faults into the NS extending
Aegean (McKenzie, 1972). Current right-lateral slip rate is 20-30 mm/year (McClusky et
al., 2000). In the Marmara region, the NAF shows two features not observed in the rest of
its 1200 km long fault zone (Okay et al., 2000). There are several deep marine strike slip
basins which are Cinarcik Basin, Central Basin, and Tekirdag Basin from west to east
constituting part of the Marmara Sea, and many NW and SW trending major dextral strike
slip fault zones on land with no apparent relation to the west trending active branch of the
NAF. Tectonic map of the Marmara Region represented in Figure 2.3.

16° 24° 32° 40°
T T T T \ 1
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Figure 2.2. Active tectonic map of the Turkey and the rectangular area shows the Marmara

Region. Lines with filled triangles show active subduction zones, lines with open triangles

are active thrust faults at continental collision zones, and lines with tick marks are normal

faults. The large solid arrows indicate the sense of motion of the lithospheric plates. EAF:
East Anatolian Fault (Okay et al., 2000).
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Figure 2.3. Tectonic map of the Marmara Region, red arrows shows the dextral shear stress
in the region caused by two right lateral strike slip faults. (Y. Yilmaz, lecture notes, ITU,
2013, edited by Isik, 2013).

2.2. The Geology of the Marmara Region

Geologically, the Marmara Region consists of three terranes with different
stratigraphies and tectonic histories. These are the Sakarya Zone to the south, the Istanbul
Zone to the northeast and the Strandja Rhodopian terrane which crops out all along the

northern, western and southern margins of the Thrace Basin (Figure 2.4.).

The Istanbul Zone is made of Precambrian crystalline basement extends along by a
continuous transgressive sedimentary succession which ranges from Ordovician to
Carboniferous which was deformed during the Hercynian Orogeny (Dean et al., 1997;
Goriir et al., 1997). Senonian andesites and small acidic intrusions widely exist (Okay and
Tiiystiz, 1999).



28° 36°

38°

Figure 2.4. General geological structure of the Marmara Region and its surrounding areas
(Okay, 2008).

The Sakarya Zone characterised by a Triassic subduction accretion complex which
is called Karakaya Complex and consisted of strongly deformed and partly metamorphosed
basement. The final phase of deformation occurred during the latest Triassic and was
followed by sedimentation of Jurassic continental to shallow-marine deposits, Cretaceous

carbonates, and finally by Senonian andesites (Altmer et al., 1991; Tiysiiz, 1993).

The Strandja Zone constitutes the easternmost part of the crystalline basement that
includes metamorphic rocks interrupted by Permian Granites (Aydin, 1974; Okay and
Tiiystiz, 1999). Basement and Triassic succession were regionally metamorphosed during
the mid-Jurassic and then overlain by Cenomanian conglomerates and shallow marine
limestones. These are covered by Senonian andesites and intruded by associated
granodiorites as in the case of the Istanbul Zone (Moore et al., 1980). Geologic units of
Western and Eastern Marmara Region was displayed in Figure 2.5.
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Figure 2.5. Geologic map of Western and Eastern Marmara Region (Zattin et al., 2005).



2.3. Previous Studies

Several seismological, geological, and tectonic studies have been done in the
Marmara Region because of its attractive and complex structure, especially after 17 August
1999 izmit and 12 November 1999 Diizce earthquakes. Among them, the receiver
functionstudies mostly focused on the eastern part of the Marmara Region and especially
the land area of this region. Hence, the crustal structure from these studies generally
represents structure beneath the land area. After installation of the sea bottom observatory
stations in the Marmara Sea, it became possible to study crustal structure beneath OBS

stations under the Marmara Sea with receiver function.

There are several on-shore studies targeted to obtain crustal velocity variation and
structure of the Marmara Region; Giirbiiz et al., (1992), Giirbiiz et al., (2000), Karabulut et
al., (2003), Bars et al., (2005), Zor (2006), Isik (2013).

Giirbiiz et al., (1992) determined velocity-depth models beneath 13 stations
surrounding the Marmara region by using earthquake travel time data. The study showed
that thickness of the crust varies from 27 to 34 km and minimum thickness is seen around
Istanbul. According to the study, the thickness increases to the south of Marmara Sea and
also it becomes thicker in Trace Region. The results of their study also suggested that there
is a gradual increase in crustal thickness from Istanbul to Edincik and crustal structure
beneath the Marmara region is too complex. There are also various high velocity seismic
zones and some gaps exist in the area. Finally, the study showed that average P wave
velocity in the crust and beneath the Moho is 6.2 km/s and 7.9 km/s, respectively. In
addition to the study, Giirbiiz et al., (2000) computed 1D velocity structure model using
180 events recorded by well distributed land station geometry around the Marmara Sea by

using VELEST code. The velocity model is given in Table 2.1.



Table 2.1. Minimum 1D model for the Marmara Region (Giirbiiz et al., 2000).

P Wave Velocity (km /s)| Depth (km)
3.0 0.0
5.3 4.8
5.9 9.5
6.2 12.5
6.5 17.0
7.3 24.0
7.9 29.0

Several scientists also revealed the thickness variation of the crust in the Marmara
region. Horasan et al., (2002) found the total thickness of the crust is 32 km, and the Pg
and Pn velocites are 5.9 and 8.0 km/sec, respectively, in the Gulf of Izmit, Marmara

Region.

Karabulut et al., (2003) presented 2D tomographic velocity model in eastern
Marmara and they found that the average crustal velocity is around 5.7-5.9 km/s. They also
found a relationship with the locations of low velocity zones and strike slip motion of the
northern branch of the NAFZ. They related the results with the complex structure of the
region. Another crustal structure study for the Marmara Region is a tomographic inversion
method by Baris et al., (2005). They showed that western part of NAFZ shows lateral
heterogeneity and low velocity values correspond to the sedimentary units or the alluvium

regions.

Zor (2006) revealed that the velocity models for the stations installed on the same
tectonic units for eastern part of the Marmara Region are significantly similar to each other
by applying the receiver function method to the data obtained from the eleven broad-band

stations. He also observed that the crustal thickening from west (29-32 km) to east (34-35
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km) along the NAFZ. The results of this study showed that the average crustal thickness

and S wave velocity for the whole region are 31 £ 2 km and 3.64 £ 0.15 km/s, respectively.

Denli (2008) investigated 3D velocity structure of the Eastern Marmara Region
from local earthquake tomography. In his study, generally low velocities vary between 5.3-
5.7 km/s through vertical extension ofthe faults and these extensions of the NAF branches
are observed between 2-15 km depths. Mutlu (2011) applied Pn tomograhpy in Turkey
included Marmara Region and found the thickness of the crust is nearly 30-32 km in that

region.

Vanacore et al., (2013) presented the first plate scale Moho and Vp/Vs ratio map of
the Anatolian Plate based on H-k stacking of receiver functions for approximately 300
stations. According to their study, Moho depth increases from west to east and Western
Anatolia is dominated by on average shallower Moho depth. They also presented the Moho
depth about 28-32 km for the Marmara Region.

The offshore crustal structure studies in the Marmara Sea are done by Bécel (2006);
Bécel (2009); Bayrake1 (2009) and Bécel (2006) and Bécel et al., (2009). These studies
have revealed that the Moho depth varies horizontally by using WARR and MSCstudies.
Bécel et al., (2009) interpreted the EW seismic reflection profile and founda decrease of
Moho depth beneath the eastern and western edges of the Marmara Trough. An EW spatial
variation in the absolute depth of the Moho of about 5 km is observed as well as a
significant increase in basement depth reaching up to 26 km. They also suggested a
negative flower structure related to the consistent model of thinning, extension and
transition at the scale of the lithosphere. Bayrak¢i (2009) estimated the 3D basin structure
under the sea by explosion data tomography. Her results give a detailed basin and velocity

structure in the Marmara Sea.

The most recent offshore crustal study is Isik (2013). The study suggests that the
sediments deposits in the sea show very low velocities as 3-3.5 km/s with almost at the
same depths between 5 and 6 km. Furthermore, the lower crust velocity information
showed similarities under Central Basin and the Cmarcik Basin. These are surrounded by

high velocity zones which can be accepted as an indicator of the normal faulting.
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3. RECEIVER FUNCTION METHOD

3.1. Introduction

Receiver functions are used to determine crust and upper mantle structure. Receiver
functions are time series that are computed from three-component seismograms and show
relative response of Earth structure under a seismic station. The waveform is a composite
of P-to-S converted waves that reverberate below the surface (Ammon, 1991). In receiver
function technique, teleseismic waveforms which include a series of reflection, refraction,

and conversions are often used.

The basic idea of this method is that incoming P wave is converted into SV wave at
Moho discontinuity due to the sharp velocity contrast and these converted waves come to
the station after direct P wave. Receiver function trace includes the direct P wave, Ps
converted and PpPhs phases which have a positive polarity, and PpShs+PsPhs reverberated

phase which has a negative polarity.
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Figure 3.1. Phase arrivals of teleseismic incident P wave for a layer over a half space
model (Ammon, 1991).
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Figure 3.2. Receiver function traces that show direct P, Ps conversions and its multiples,
respectively (Ammon, 1991).

The relative amplitudes of the phase arrivals in a receiver function depend on the
incidence angle of the impinging P-wave and the size of the velocity contrasts generating
the conversions and multiples. Moreover, the arrival times of the converted phase and
multiples depend on the depth of the velocity contrast, the P and S velocity between the
contrast and the surface, and the P-wave incidence angle, or ray parameter. In addition to
all, the amplitudes of the later arrivals and their frequency content depend on the nature of

the velocity transition (Ammon et al., 1990).

Both radial and transverse receiver functions can be computed. While radial
receiver function is defined as spectral division of the radial and vertical seismograms,
transverse receiver function is defined as the spectral division of tangential and vertical

seismograms in the frequency domain.

3.2. Receiver Function Analysis

In receiver function studies, teleseismic events which are ranging from 30° to 90°
are commonly used because P waves are steeply incident and dominate vertical component
of ground motion whereas Ps converted phases are recorded on the horizontal component
dominantly in this range (Cassidy, 1992). Generally, three component broad-band

seismometers are preferred to use because they have a flat velocity response throughout
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most of the lower frequency bands in contrast to the spectrum of short period

seismometers.

After selecting the teleseismic events, the next step is filtering of the waveforms to
obtain high quality data and eliminate high frequency content which are affected by small-
scale heterogeneities. 0.1 Hz-1 Hz or 0.05 Hz-1 Hz are suitable for filtering of teleseismic
events. Another step is windowing of seismograms and it depends on the discontinuities of
interest. In this study, 10 seconds before P wave arrival and 50 seconds after P wave arrival

is applied.

The following step in receiver function analysis is to rotate the filtered and
windowed teleseismic events. By using the back azimuth, the angle measured between the
vector pointing seismic station to source and seismic station to north (Scherbaum and
Johnson, 1992), the North-South (NS) and East-West (EW) components can be rotated into
the radial and tangential components, respectively (Figure 3.3). The reason why we use the
ray based (RT) system is that P to SV converted phases are radially polarized and observed
on radial component, while P to SH converted phases are transversally polarized and

observed on tangential component.
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Figure 3.3.The back-azimuth (BAZ) (Zor, 2002).

Filtering, windowing, and rotating can be seen in the following Figure 3.4. The first
figure represents raw waveform downloaded from IGDM station. The other one shows the

results of filtering, windowing and rotating steps for the same event.
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Figure 3.4. The original three component waveform recorded at IGDM station (15 January
2009, Mw. = 7.4) a) Raw data. b) After filtering, windowing and rotating of the first 30

seconds of the seismic trace after P wave onset time.

The final step in receiver function analysis is to obtain radial and tangential
receiver functions from filtered, windowed, and rotated teleseismic waveforms. By
applying deconvolution which means spectral division of the radial and transverse
components to vertical component, the estimation of receiver functions can be done. In
addition, the aim of this procedure is to eliminate the effects of the near source ray path
and instrument response in order that we can obtain the signal which includes the first P

wave, P-to-S wave conversions, and locally generated reverberations under the station.
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Deconvolution process can be completed either in frequency domain which was proposed
by Langston (1979) or in time domain proposed by Ligorria and Ammon (