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ABSTRACT

3-D VELOCITY STRUCTURE OF EASTERN MARMARA REGION
FROM LOCAL EARTHQUAKE TOMOGRAPHY

Local earthquakes located in 40-41.5 N and 28-30.5 E geographic coordinates
between the dates January,2003-October,2007 were selected to use for local earthquake
tomography. Data were obtained from short period and broadband seismic stations

dispersely located in the region.

This study was conducted to reveal 3-D P wave velocity structure in the target area.
To prepare data set, relocation procedure was done. To determine the 1-D velocity model
for the study region, earthquakes which have azimuthal gap less than 180° and recorded at
least by 7 stations were selected. Obtained 1-D velocity model has 32 km depth. Reliable
solutions were observed to 17 km due to the depth distributions of the earthquakes. To
consolidate the robustness of the velocity model, shifting test was applied and quarry blast
data were used. Results show that the 1-D velocity model represents the study region.
Using reference earth model for local earthquake tomography was decided. Later on,
observing more confidential parts of the velocity changes in the study region, synthetic
models were produced for the checkerboard test. At the same time, control parameters
were set to obtain reasonable solution after running tomography algorithm. 3-D
tomographic inversion based on damped least square inversion was applied to 14329 P
wave arrival times and the results of 3-D tomographic inversion were tried to correlate
with geologic verifications in the region. Generally low velocities change between 5.3-5.7
km/s through vertical extension of the faults. Vertical extensions of the NAF branches are
observed between 2 -15 km depths when the resolution parameter of the data set taken into
account. These properties are relatively similar for extracted profiles. Location of the
vertical extensions of the fault zones mainly show the same depth range similar to done

previous studies in the region.



OZET

DOGU MARMARA BOLGESININ 3 BOYUTLU HIZ YAPISININ
YEREL DEPREM TOMOGRAFISIi YONTEMI iLE BELIRLENMESI

Ocak 2003-Ekim 2007 tarihleri arasinda 40-41.5 Kuzey ve 28-30.5 Dogu cografi
koordinatlar1 arasinda kalan saha igerisinde meydana gelmis olan lokal depremler
kullanilarak lokal deprem tomografisi i¢in data seti olusturulmustur. Veri daginik olarak
bolge igerisinde konumlandirilmig kisa bant ve genis bant aralikli sismik istasyonlar

araciligiyla toplanmistir.

Bu calisma bolgenin ii¢ boyutlu P dalgas1 hiz yapisinin belirlenmesi amacina yonelik
gergeklestirilmistir. Bunun i¢in ilk asamada yer bulma islemi tamamlanmig, bolgenin bir
boyutlu hiz yapisim1 belirlemek amaciyla toplanan depremler kullanilarak bolgenin bir
boyutlu hiz modeli tayin edilmeye c¢alisilmistir. Elde edilen model bélgenin kabuk yapisina
uygun olarak 32 km derinliginde olup depremlerin derinlik dagilimindan 6tiirii 17 km ye
kadar giivenilir ¢oziimler gozlenmistir. Elde edilen bir boyutlu P dalgasi hiz modelinin
giivenilirligine iligkin yapilan testler sonucunda modelin bdlgenin yapisini temsil ettigine
karar verilmistir. Daha sonra sentetik modeller iiretilerek yapida hangi alanlarin nasil bir
coOziiniirliilikle elde edilebilecegi arastirilmistir. Sentetik modelleme esnasinda,
algoritmanin kabul edilebilir bir ¢6ziim iiretebilmesi icin gerekli kontrol parametreleri
ayarlanmistir. Son olarak 14329 P dalgas1 gelis zamanina soniimlii en kiiclik kareler
yontemi esasina dayanan {li¢ boyutlu tomografik ters ¢6ziim yontemi uygulanmistir. Elde
edilen tomografik figiirler bolgenin jeolojik yapist ile iliskilendirilmeye ¢alisilmistir.
Genellikle, diisik hiz degerleri 5.3-5.7 km/s arasinda degisiklik gostermektedir. Kuzey
Anadolu Faymin dikey uzantilar1 yaklasik olarak 2-15 km derinlik degerleri arasinda
gbzlenmektedir. Bu deger ve yorumlar data setinin ¢oziintirliikk parametresi esas alinarak
yapilmustir. Fay zonlarma karsilik geldigi diislinlilen diisiik hizlarin konumlart bolgede

daha 6nce yapilmis olan ¢aligmalarla benzerlik gostermektedir.
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1. INTRODUCTION

Seismic tomography produces a map of an object’s internal properties in
a non-invasive fashion (Radon, 1917). By measuring the travel times of a seismic wave
between source and receiver points around a rock mass, it is possible to calculate a map of
the distribution of physical properties influencing seismic wave velocity within a rock
mass. The word tomography means “slice picture” and was first adapted to the field of
medicine (Hounsfield, 1973; Cormack, 1973) and subsequently to the geosciences (Dines
and Lytle, 1979). For at least 20 years, tomography has been used in the mining industry to
create images of geologic features as well as stress-related features (Buchanan et al., 1981,
Mason 1981, Kormendi et al., 1986). A more recent mining-specific application of
tomography is an adaptation which can image stress concentrations ahead of the longwall
face by using the longwall shearer itself as the seismic source (Westman et al., 1996). In
seismology, the first tomography application was applied on earth modelling to determine
earth’s upper mantle velocity structure via teleseismic events by Aki, Christofferson and
Huseybe (1976). Result of the first 3-D tomographic inversion shows that significant

velocity changes in medium and important implication on tectonics.

Tomography methods are generally classified into two groups according to data type
and distance between source and receiver. There are two types of tomography,
uncontrolled and controlled source, which depend on the source type. In uncontrolled
source tomography, earthquake data are generally used and deep earth structure can be
imaged. Furthermore, focal and velocity parameters should be inverted simultaneously due
to indeterminate exact location of the uncontrolled source. Controlled source tomography
is generally used for engineering applications. Explosive materials are used as source and
shallow structure of the earth can be imaged in controlled source tomography. Tomography
methods according to the distance between source and receiver are categorized as local
earthquake tomography and teleseismic tomography. Earthquakes and seismic stations are
participated in the same model space and seismic velocity of the upper crust is searched in
regional scale in local earthquake tomography. In teleseismic tomography, long period
seismic waves are used and earth’s interior are imaged in global scale. Traveltime and

waveform tomography are classified according to data type. In travel time tomography,



seismic slowness along the ray path between source and receiver is calculated through
traveltimes in recorded waves and velocity structure is determined by applying some
inversion techniques. An inversion method is applied to waveform of seismic trace in
waveform tomography and it allows to obtained more detailed information about the
earth’s interior compared to traveltime tomography by reason of sensibility of amplitudes

in seismic signal to velocity changes in medium.

Seismic tomography signifies a revolution in earth sciences. It has deep impacts on
the geological community and it will continue to influence the future developments in earth
sciences. During the 20th century, seismologists had made a number of important
discoveries and still is. The first 3-D inversion method, namely ACH, was developed at an
array center called NORSAR in southern Norway by Aki, Christofferson and Husebye in
1974. The extension of the method to the data from local earthquakes was carried out by
Aki and Lee (1976) at the regional array center of the USGS at the Menlo Park and the
results of these studies showed importance of the method and significant implications on
tectonics. The first local earthquake tomography application was performed by Aki et al.,
(1976) with using teleseismic P wave data obtained from seismic array of USGS in middle
California in 1974. Aki and Lee (1976) developed to local earthquake tomography to apply
it to local earthquakes in 1976. Hirahara (1997) applied the same technique for the upper
mantle under Japan for mapping the subducting high velocity Pacific plate. In the coming
years iterative matrix solvers were exposed by Clayton and Comer (1983) and Nolet (1985)
and it permits a quantum jump in the number of model parameters. The discovery of global
seismic image (Dziewonski and Anderson, 1984; Tanimoto and Anderson, 1984;
Woodhouse and Dziewonski, 1984) which correlated well with the pattern of geoid, and a
successful explanation of the correlation using geodynamics (Hager et al., 1985) also very
considerable in terms of believability of the seismic tomography. Tomographic images
obtained from former studies as per date related to global seismic velocity distirbution
which originates from mantle dynamics and jeoid, the structure of subducted plates
association with the tectonic evalution, magma volume and geometry in volcanic and

geothermal regions and velocity structure in fault zones.

Marmara region is a one of the most tectonically active region on the continents. The

intense activity of the NAF and the apparent migration of the earthquake sources along the



fault make the region place of interest for earth scientists. Different sections of NAF show
various seismic properties and the fault ruptures of the largest earthquakes propagated into
the sections of the fault that have had few moderate earthquakes (Dewey, 1976). These
similarities are reminiscent of the San Andreas fault. The 1500 km long NAF which has
many characteristics similar to the San Andreas fault is one of the most extensively studied
right-lateral strike slip faults in the world (Ketin and Roesli, 1953; Pavoni, 1961; Allen,
1968, 1969; Wallace, 1968). Complex structure of the NAF indicates geologic and tectonic
importance of the region and explains that why many geophyscial applications are

performed in the region.

In this study, we bordered the targeted area in between 40-41.5 N and 28-30.5 E
geographical coordinates. In this area NAF is spread at two branches between Dokurcun
and Karapiirgek. One branch is passing through izmit region, Gélciik and Karamiirsel.
Second branch is passing through the south edge of the iznik Lake to Gemlik. The main
purpose of this study is to reveal horizontal velocity changes at different depths and extract
vertical depth sections which are crossing the branches of NAF. Observing unknown
feasible and former inactive faults in the study region is the other aim of this study. To
realize of this aim, length of the vertical cross sections is determined through comparing
ray coverage in the study region. Before presenting conclusions of the study, following
steps were conducted. Earthquake data set were prepared, all stages of data acquisition and
3-D tomographic inversion process were presented. Later on tomographic images were

interpreted.



2. GEOLOGY-TECTONIC SETTINGS AND PREVIOUS STUDIES
IN THE REGION

2.1. Geology in the Region

Marmara region is primarily composed of three parts, Sakarya zone, Istanbul zone
and Istranca masif (Ketin, 1973 and Okay, 1986). Geologic features in the study area are

mainly originates from two parts, Istanbul zone and Sakarya zone.

The Istanbul zone is described by a well developed, unmetamorphosed and little
deformed continuous Palezoic sedimantary succession extending from Ordovician to the
Carboniferous overlain with a major unconformity by latest Permian to the lowermost
Triassic continental red beds. The Istanbul zone is different from the neighbouring tectonic
units in its stratigraphy, absence of metamorphism and lack of major deformation. The
intra-pontid suture of late Triassic-Early Jurassic age subsists which roughly follows the
northern strand of the NAF between Istanbul zone and Sakarya zone (Ketin, 1973 and
Okay, 1986).

The Sakarya zone does not have a Paleozoic basement in contrast to the Istanbul
zone. The Sakarya zone is characterized by a various metamorphosed and strongly
deformed Triassic basement, namely Karakaya Complex overlain with a major
unconformity by Liassic conglomerates and sandstones which passes up to Middle
Jurassic-Lower Cretaceous limestones and Upper Cretaceous flysch (Hosgoren, 1997).
Karakaya Complex of Triassic age made up of strongly deformed metamorphosed basic
volcanic rocks, limestones and greywackes with limestone olistoliths forms the basement
to the undeformed post-Triassic sediments of the Sakarya zone. The Izmir-Ankara-
Erzincan suture separated the Sakarya zone from the Anatolide-Tauride units (Ketin, 1973

and Okay, 1986).
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Figure 2.1. Geological units of the Marmara region modified from Ketin (1967) and
Okay (1986). Red box shows geologic units in the study region

The internal structure of the Karakaya Complex is not well known (Figure 2.1).
However, it is apparently made up of several tectonic units including a thick volcanic
section with abundant basic pyroclastics and tuffs intercalated with carbonates, and a
greywackes section with Permian and Carboniferous limestone olistoliths. The
metamorphism where it occurs is usually in high-pressure greenchist facise, and sodic
amphibole occurs frequently in basic volcanic rocks. The deformation is locally semi-
brittle giving a broken formation character to the Karakaya Complex. The Karakaya

Complex is also intruded by several pre-Liassic granitoids (Hosgdren, 1997).

The Izmit gulf is an east-west trending active graben which is dynamically affected
by the interaction of the North Anatolian Fault Zone and the Marmara graben systems. It is
bounded by two horsts: the Kocaeli Peninsula to the North and the Armutlu Peninsula to

the south, showing completely different geomorphological features, and by well defined



fault scarps. The graben varying between 6 km and 10 km in width is comparatively large,
long and narrow basin filled with young seidments of marine and continental facies

(Seymen, 1995).

The Kocaeli and Armutlu peninsula stratigraphically, structurally and geologically
gave completely different geological features; so that the intra-Pontid suture Istanbul and
Sakarya zones defined within the western Pontides is passed along the axis of the graben.
Along the Izmit gulf, there are Late Pleistocene (tyrrhenian) age marine terraces and
sediment depositions as in Yalova-Lale Dere, Hersek and Karamiirsel. In addition to the
quaternary deposits along the shores of Izmit Gulf, the vicinity of Sakarya river is covered

by alluvial deposits which are generally consisted of loose sand and silt (Hosgoren, 1995).

2.2. Tectonics in the Region

In Turkey, the Anatolian plate is located in the highly active Alpine-Himalayan
seismic belt and characterized by the collision of the African and the Arabian plates with
the Eurasian plate (McKenzie, 1972), as shown in Figure 2.2. The collision probably
started during Early Miocene (Yilmaz ef al., 1995) and caused to thickening, shortening
and uplift of the Anatolian block. The Anatolian Block started to move west over the
NAFZ, during Late Miocene to Pliocene before approximately 5.7 million years. The
NAFZ is in fact regarded as large-scale transform fault like the San Andreas Fault (Barka,
1992), and has been sited numerous disastrous earthquakes including the Erzincan
earthquake of 1939 (Mw7.9), the Izmit (Mw7.4) and the Diizce (Mw7.2) earthquakes of
1999. 1t is a nearly 1500 km long dextral strike-slip fault extending from Karliova triple
junction in the Eastern Turkey, crossing through the Marmara Sea and entering the North

Aegean Sea and mainland Greece in the west.
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Figure 2.2. Tectonic map of Turkey (Okay et al., 2000)

In the eastern part of the Marmara Sea region which composes main part of the study
area, the westward motion of Turkey relative to Europe occurs mostly along the North
Anatolian Fault zone. East of about longitude 30° E, the North Anatolian Fault system,
which accommodates most of the westward motion of Turkey, has a narrow and localized
character, clearly defined by the predominantly strike-slip surface along its entire 1000-km

length, which is associated with a series of major earthquakes (Ambraseys, 2002).

In fact, Marmara region has shown complex tectonic features with high seismic
activity (Barka and Kadinsky-Cade, 1988). In particular, the NAFZ zone splays into two
main branches around Bolu and then into three branches around Geyve-Adapazari. The
three branches have been called the northern (Sapanca Lake, the Gulf of Izmit, the northern
Marmara Sea, Murefte, the Gulf of Saros), the middle (Geyve, the south of Iznik Lake, the
west of Gemlik Bay, Bandirma, Ezine) and the southern (Geyve, Edremit) branches

(Dewey and Sengor, 1979; Sengor ef al., 1985).



The Marmara Sea Basin is about 230 km long and 70 km wide with a shallow shelf to
the south and a series of subbasins to the north, namely, the Tekirdag, Cinarcik,
Karamursel, and Izmit basins. Active faulting on land in the region is relatively well
documented. However, the pattern of active faulting in the Basin is much less well
established. Originally the Basin was considered to be a graben or a structure of right-
lateral faults exhibiting an overall normal motion (Barka and Kadinsky-Cade, 1988).
Recently it was proposed that the Marmara Sea Basin was controlled by a strike-slip fault
that extended between the Gulf of Izmit and the Galipoli Peninsula (Le Pichon et al.,
2000). However, its bathymetry, supplemented by faults identified by conventional seismic
reflection surveys and focal mechanisms of a few earthquakes (Ambraseys and Jackson,
2000), shows a series of pull-apart basins bounded by a system of relatively short strike-
slip and normal faults, which clearly imply significant regional extension responsible for
the formation of the Marmara Sea Basin (Smith et al., 1995; Wong et al., 1995; Parke et
al., 2000; Okay et al., 2000). The rate of tectonic deformation, which is derived from
regional space geodetic (Straub and Kahle, 1995; McClusky et al., 2000) and
seismotectonic slip rate (Canitez and Ucer, 1967; Eyidogan, 1988; Taymaz et al., 1991)
measurements, varies from 1.7 to 2.4 cm/yr right lateral E-W slip across the Marmara
region, where the NAFZ splays into a number of branches in and around the Izmit Bay
(Dewey and Sengor, 1979; Crampin and Evans, 1986; Wong et al., 1995). The NAFZ
appears to be more multistranded and discontinuous offshore, within the Sea of Marmara,

than onshore (Smith et al., 1995; Okay et al., 1999).

2.3. Seismicity in the Region

High seismicity is generally observed as clusters at plate boundaries and fault zones
in tectonically active regions. To understand the characteristics of NAF seismicity since
1930, Dewey et al. (1976) relocated earthquakes associated with the NAF. Many features
of the occurence of magnitude 5 and greater earthquakes on the NAF are similar to
characteristics of small-earthquake seismicity on California’s San Andreas fault.
Earthquakes tend to be concentrated on or near particular sections of the NAF, suggesting
intrinsic differences in mechanical properties along the fault. The relocated epicenters
support the hypothesis that fault rupture in large and great earthquakes will begin in

regions of small and moderate earthquakes. The rupture of the large earthquake then



propagates into sections of the fault that normally have a low level activity. Marmara
region is an active tectonic zone delineated by the transition between the dextral strike-slip
regime of the NAF and the extension regime of the Aegean Sea. To reveal seismotectonic
aspect of the Marmara Region, Giirbiiz e al. (2000) performed the microseismic
experiment. The all set of known historical earthquakes is analysed in the context of this
study and the observation was made. The most active part of the NAF is the northern
branch (Oztin and Bayulke, 1990; Ambraseys and Finkel, 1995) as shown in Figure 2.3
which denote the active faulting in the region, the estimated rupture area of the historical
destructive earthquakes of last three centuries, together with the instrumentally recorded
large events of this century (Barka, 1997; Uger et al., 1997). The south branch of the fault
system, in the interior of the mainland south of the Marmara Basin, is less active than the
north branch through izmit and the Marmara Basin. The morphology of the south branch
through Geyve, Bursa, and Gonen to the Aegean Sea suggests late Quaternary activity
(Barka, 1996) and a long-term seismicity that accounts for an average shear velocity of

about 0.3 cm/yr, which is compatible with GPS measurements (Straub, 1996).

Figure 2.3. Active faulting and historical earthquakes in the Marmara region (modified
after Barka, 1997). Black thick lines: active faults recognised by geology and geophysics.
Red lines: surface ruptures of earthquakes of this century. Yellow ellipses: estimated

rupture areas of historical earthquakes within the period 1700 — 1900 AD
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After occurance of the two devastating earthquakes, 17 August 1999 in Izmit
(Mw=7.4) and 12 November 1999 in Diizce (Mw=7.2), many studies about seismicity in
the region is performed. Karabulut ez al. (2002) realized study about seismicity distribution
after the earthquake (17 August 1999). As a result of this study, the occurance of three
clusters are observed when the aftershock distribution is taken into account. The first
cluster is extending from Izmit Bay to about 35 km west of the Hersek peninsula. In this
cluster mechanism of the events is strike-slip and it shows the entrance of the northern
branch of the NAF into the eastern Marmara Sea. Second one is located in the Armutlu
peninsula. On the peninsula various fault patterns, E-W striking dextral faults of the NAF
zone and NW-SE striking normal faults as a consequence of regional extension, are
observed. Third is located 5 km southwest of the Tuzla peninsula. Normal faulting and
strike-slip faulting are observed at shallow depth and greater depth, respectively. In
conclusion, a noteworthy characteristic of the aftershock events are considered in the

region with a focal depth of between 1 and 15 km.

The other worthwhile study based on aftershocks of the 1999 Izmit earthquake is
realized by Ozalaybey et al. (2002). A number of significant aftershock clusters occur on
the inferred mainshock rupture plane. The spatial and temporal occurance of these clusters
show that they are triggered by the complex redistribution of stresses and dynamic strains
imposed by the dislocation of the mainshock. The linear and narrow distribution of the
aftershocks and the inferred rupture plane of the Izmit earthquake show that the main
branch of the NAF is a single 80 km long throughgoing fault to the west of the mainshock
epicenter. The focal mechanisms of the events located in the western end of the rupture
zone show both strike-slip and normal-faulting mechanisms. Four events located off the
Princes Islands indicate similar source mechanisms characterized by right-lateral strike-slip
motion and local trend of aftershock distribution. This observation leads to seismotectonic
evidence that the nature of northern boundary fault, which is known to be a transtensional
feature at the surface, is dominated by strike slip motion at depth. This dominant feature in

the fault zone shows consistency for seisimicity studies in the region.
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Figure 2.4. Distribution of seismicity in the study region between 2000 and 2007
years (KOERI and TUBITAK Catalog)

To observe the recent seismicity distribution in the study region, seismicity map is
prepared (Figure 2.4). Events, which are located in study area in between 40-41.5 N and
28-30.5 E geographical coordinates, are selected since 2000 till end of 2007. Occured
events have local magnitudes between 1.5 and 4.2 in the study region. Linearity along the
northern strand of the NAF is still continuing and main cluster is observed between 28.7 E

and 29.7 E and main seismic activity occurs at the depth range between 5 and 15 km.
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2.4. Previous Studies in the Region

Marmara is one of the tectonically most active region in Turkey. Many important
earthquakes occured in the region when the history of seismicity is searched. Generally,
earthquakes which have the large magnitudes occured western part of the fault zone. This
activity attracts the scientist to reveal the crustal properties and apply different geophysical
methods to study about the fault zone and the region. Multidisciplinary observations
before, during and after the Izmit earthquake in the western part of the NAFZ was made by
Honkura et al. (2000). They focused on distribution of fault slip, seismicity in the region
through using local events before the mainshock, hypocenter of the mainshock and
distribution of aftershocks. To extract the resistivity structure along a profile which cross
through the north and south branches of NAF, magnetotelluric measurements were taken.
The resistivity is very low, less than 10Q2 m, below the northern branch to a depth of

10km. A high resistivity zone exists below the low resistivity zone.

To investigate the deep electrical resistivity structure of the fault rupture area for the
Izmit earthquakes, Tank et al. (2005) acquired magnetotelluric data along two profiles
crossing the western part of the NAFZ. Conclusions of this study implies the hypocenters
of the mainshock and aftershocks are located on highly resistive side and a low resistivity
zone extending down to 50 km between the two fault branches. Additionally, 2-D
modelling are done and horizontal and vertical cross sections were obtained. A shallow
low resistive zone reflecting young sediments (0-5 km depth), a high resistivity zone where
the hypocenters of the Izmit earthquake and aftershocks are located (5-15 km depth) and
other low resistive zone that corresponds to a region where postseismic creeping takes
place (>15 km depth) are properties of three layers when models are examined
horizontally. On the other hand, three different sections are observed when models are
examined vertically. From south to the north a high resistive zone representing south strand
of the NAFZ, a low resistive collision zone between the two branch of the NAF and a high
resistive zone represent the northern strand of NAFZ appear. In conclusion, earthquakes
tend to occur mostly in a high resistive zone underlain by low resistive area. This low
resistivity area is a fluid rich region where the fluid supply is the parital melting process
occuring at a deeper conductor. Postseismic creeping is originated from the fluid rich

region which triggers the earthquake generation.
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Earthquake and controlled source data have been used to observe seismic velocity
variations in the Marmara region. Crampin and Uger (1975) investigated seismic velocities
beneath the Marmara region by examining 4 earthqaukes recorded at 35 seismic stations.
Glrbiiz et al. (1980) used a quarry blast recordings along a profile between Adapazari and
Bilecik, they observed that the total crustal thickness 28 km around Adapazari, P wave
velocity 5.4 km in the uppermost part of the crust and 8.1 km/s at the Moho discontinuity.
Another quarry blast data were analysed in Anadolu Kavagi and the crustal thickness was
found 27 km beneath here (Giirbiiz and Uger, 1985). Giirbiiz et al. (1991) derived P and S
wave velocity models for the Marmara Region using earthquake travel time data of seismic
stations. The P wave data indicated two velocity discontinuities at the intermediate depths
in the crust. The average velocities in the crust and beneath the Moho was 4.5, 5.6, 6.2, and

7.9 km/s and the average crustal structure in the region was 31 km.

To study crustal structure of the eastern Marmara region, Zor et al. (2006) applied the
receiver function method. The average crustal thickness for the eastern Marmara region
was around the 31 km. and they observed that the crustal thickening from west (29-32 km)
to east (34-45 km) along the NAFZ in contrast to no significant crustal thickness changes
for western part of the region from north to south while crossing the NAFZ. Additionaly,
crustal thickening from 29 to 35 km towards the easternmost stations indicate that the
crustal structure shows a transitional tectonic regime. Eventually, Zor et al. (2006)
conclude that the eastern Marmara region seems to be a transition zone between the

Marmara Sea extensional domain and the continental Anatolian inland region.

Recently, Bekler et al. (2008) made seismic refraction survey in order to investigate
crustal structure beneath the eastern Marmara region. Two reversed profiles across two
strands of the NAFZ were recorded in the Armutlu Highland. Land explosions and quarry
blasts are used as seismic sources in this study. A high velocity anomaly (5.6-5.8 km/s) in
the central highland of Armutlu block and the low velocity (4.90 km/s) pattern North of
Iznik Lake are the two dominant features. The crustal thickness is about 27 km in the North
and increases to about 33 km beneath the central Armutlu block in the south. P wave
velocities are about 3.95 km/s to 4.70 km/s for the depth range between about 1 km and 5
km in the upper crust.
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The other significant approach to reveal crustal structure in the region is tomography
studies. Karabulut ef al. (2003) applied 2-D traveltime tomography via using seismic
refraction data along 120 km profile from Sile to Gemlik which is crossing the NAF. Low
velocity zones on the North and South branch of the NAF was observed. Imaging the 3-D
P wave velocity structure in and around the focal area of the 1999 izmit earthquake
(Mw=7.4), Nakamura et al., (2002) has been made the tomographic inversion. In this
study, 1999 Izmit earthquake and aftershocks were used. Aftershocks are observed a 170
km long narrow zone in an east — west direction along the northern branch of the NAFZ.
They mainly distributed three points in the region; near the hypocenter of the mainshock,
near 29.2° E in the Marmara sea, and the east of 30.4° E. The P wave velocity structure
obtained has a distinct low velocity area to the mainshock hypocenter and the high velocity
anomaly is observed the shallower depth of the southern branch (Iznik — Mekece fault) of
NAFZ. The mainshock hypocenter is located in high velocity region compared with the
surrounding areas. Another low velocity anomaly spreads in a wide area west of the
mainshock hypocenter at depths shallower than 15 km (Figure 2.5). Baris et al. (2005)
applied 3-D seismic tomography to arrival time data during 18 years from 1985 to 2002.
Strong lateral heterogeneity was observed at the western part of the NAFZ and similar
observation was made about the hypocenter location of the izmit earthquake as like the

other tomography studies.
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Figure 2.5. Tomographic image shows the plan views at different depths and east — west
vertical cross section and the bottom is the magnified of the cross section. Blue and red
shading represents the high and low velocity from the initial velocity model. Yellow circles
show the relocated aftershock hypocenters and seismic stations used (crosses) are also

shown (Nakamura et al., 2002)
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3. METHODOLOGY

Forward and inverse modellings are instruments for mathematical interpretation of
geophysical data. Several attempted models are tested by comparing their theoretically
expected results with the actual data in forward modelling. The model that best fits the
data is then chosen. Modelling requires a knowledge based on a physical law, convenient
process to make a computation, and realise of the geological limitations. Alternatively,
inverse methods can be used to derive an optimal solution from the geophysical data when

internal consistency of the data and resolution are taken into consideration.

FORWARD PROBLEM INVERSE PROBLEM
Model Data
Parameters
Model Model

Estimates of model

Prediction of data
parameters

Figure 3.1. Flow diagram of forward problem and inverse problem

The term “ inverse theory ” is used in contrast to “ forward theory ” which is defined
as the process of predicting the results of measurements on the basis of model. Inverse
theory helps us to provide information about unknown numerical parameters that go into
the model, not to provide the model itself (Menke, 1984). In many inversion techniques,
least square inversion is the most preferable algorithm. Least squares inversion finds

application in a wide variety of geophysical problems on account of its mathematical
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exactitude. Least squares methods generally easier to solve the “forward problem” that
transforms a set of model parameters into a synthetic data set, then to proceed in the
opposite direction and solve the inverse problem. Least squares method is implemented to
fit of the data through appropriate model parameters. This means that prefered model
concured the data under absolute limitations. Association between the model response and

the model parameters cause to solve inverse problem in terms of linear or nonlinear sense.
3.1. Linear Least Square Inversion

If the model response f'is a linear function of the parameters, a perturbation of the

model response is represented in matrix notation,

f=f"+2s (3.1)

where £ is the initial model response and Z is Jacobian matrix of partial derivatives

with elements of model function and model response.

_ 9
700, G-2)

J
Our choice of perturbation in model response will be made so as to minimize the sum
of squares of the errors between the model response and the data (Lines and Treitel, 1983).

Let e represent the error vector expressing the difference between the model response f and

the observed data y.
y—f=e (3.3)
Combining (3.1) and (3.3) yields

y- =28 +e (34
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The discrepancy vector g contains the differences between the initial model response

and the observed data.

g=y-fande=g—-2Z5 (3.9)

Geophysical inverse problems are generally not well posed, the Jacobian matrix Z is
not square and of full rank. These problems are defined as overdetermined that is, the
number data is more than the number of model parameters. In the case of deficiency,
damped least square methods alleviate the problem and help to solve inverse problem

(Lines and Treitel, 1983).

The basis of least squares approach is estimating the parameter change vector 6 and

minimizing the cumulative squared error S = e’ e with respect to the parameter change & .

If we substitute equation (3.5) into S, we obtain

S=e'e=(g-25) (g-729) (3.6)

Minimization of S with respect to J requires that

oS
Substituting (3.6) into (3.7) gives
%(5TZTZ5—gTZ5—5TZTg+ng):O (3.8)

Carrying out the differentiation with respect to ¢ , we obtain “normal equations”

7'726=27"¢g (3.9)
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whose solution for the parameter change vector ¢ is

5=2"2)"'Z"¢g (3.10)

3.2. Damped Least Squares Inversion

An alternative least squares method, that is “Damped Least Squares Inversion”, is

using to reduce the difficulties when the matrix Z'Z is nearly singular. In this case the

constraining condition that the sum of squares, or energy of the elements of the parameter
change vector & is imposed and it is bounded by a finite quantity, 5, (Lines and Treitel,

1983). Thus o is choosen to minimize a cost function S(0, £),

S, 8) =e'e+p(6"5-57) (3.11)

where f is a damping parameter.

Differentiation with respect to the vector ¢ yields a modified form of the normal

equations

(Z'Z+phHo=2"g, (3.12)

so that

6=Z"Z+pN"'Z"g (3.13)

Comparison of (3.10) and (3.13) denotes that the constraint has produced a method

for avoiding singularities or near singularities in the matrix Z'Z . Damping parameter /3

is added the main diagonal of Z”Z, it damps out changes in the parameter vector & by
limiting the energy in the parameter discrepancy vector o . This nonlinear inversion
approach iteratively update the parameter vector for a given geophysical model. The

parameter changes from the initial response estimates are determined by use of the
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fundamental relation (3.13). An updated parameters which are then used to compute a new
model response estimate are obtained. At each stage, the sum of the squares of the error
between the model response and the observation values is monitored. The iterative search
for parameter estimates terminates whenever either the squared error or a relative change in
the squared error become less than a prespecified value. After these convergence criteria
have been satisfied, the estimated geophysical parameters have produced a model which

has matched the data within our specifications (Lines and Treitel, 1983).

3.3. Seismic Tomography

Seismic tomography is a process to image Earth’s interior. It uses a technique based
on studying the internal lateral inhomogeneities in the Earth. The basic principle behind
seismic tomography is that contributions to the travel time residual arise from different
parts of the ray path. If many paths pass through the each section of the Earth but overall
paths differ, it may be possible to isolate the regions in which the travel time anomaly
arises. This aim easily complemented by gridding the Earth into cells and the examining
the many ray paths that travel through them. By representing the medium as a grid, a
forward velocity model is constructed to estimate the travel-time and the refraction path of
each ray. By propagating a finite difference wavefront across the grid from a known source
location, the travel-times can be estimated. Differences between the estimates and the
measured travel times are used to iteratively update the velocity grid from each receiver to
the source. The process is repeated a specific number of times, or until no noticeable

changes occur.

Tomographic methods usually involve some sort of iterative algorithm to invert the
traveltimes (Dines and Lytle, 1979; Peterson et al., 1985). A problem with these techniques
is a tradeoff between resolution and stability of the solution. At some point, as one attempts
to see smaller features, the inversion becomes unstable and velocity artifacts appear.
Velocity artifacts are seen as fluctuations of values between adjacent points and the
smearing of anomalous zones. Therefore, too few iterations will produce an image which
lacks detail, and too many will overfit the data, and produce an image with an abundance
of artifacts. A cross-validation method can determine the number of iterations needed

(Peterson and Davey, 1990). Also, this method can give a way to determine several
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solutions to a non-unique problem, which can be then averaged to produce an image that

may be an improvement over a single solution obtained using all the data at once.

Seismic tomography is studied with the image reconstruction methods based on ray
theory to image Earth’s interior. Generally, the transform methods and the series expansion

methods are used as image reconstruction techniques.

3.3.1. Transform Methods

Transform methods are very limiting as far as seismic imaging problems are
concerned since straight raypath propagation and full-scan aperture are generally assumed.
However, the transform methods make an excellent introduction to the principles of
seismic tomography because of their simplicity and serve as a bridge between applications
of tomography in other fields with applications in seismology. The projection slice theorem
provides theoretical foundation for the transform methods. Then, another transform method

is derived from the projection slice theorem: backprojection ray tomography.

3.3.1.1. Projection Slice Theorem

The projection slice theorem requires that observations of propagating energy be
taken along a given projection which is perpendicular to the raypaths. A typical model
function used in seismic tomography is the reciprocal compressional-wave velocity, or
slowness, which has a direct influence on observed traveltime of the propagated energy.
The 2-D Fourier transform of a model function produces the amplitude spectrum. The
amplitude spectrum from the 1-D Fourier transform of the data function represents a slice
of the amplitude spectrum in the plane. In other words, the 1-D Fourier transform of the
projection represented by the data function is equal to on slice of the 2-D Fourier transform
of the model function. As is understood, the projection slice theorem gives only one slice

of the model function per projection.
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3.3.1.2. Backprojection Method

Backprojection technique requires no matrix inversion and can treat a large number
of unknown parameters, which are necessary for the tomography study with many blocks
or grids. In backprojection method, computation of the model function from the data
function is different from the projection slice theorem. The model function represents the
unknown parameter such as seismic wave slowness. Experimentally determine the line
integral of the model function along each ray which yields set of data functions such as
seismic wave traveltime. For each data function, the 1-D Fourier transform is taken and the

backprojection method is applied to compute the unknown model function.

3.3.2. Series Expansion Methods

Series expansion methods which modify the model function of the study area easily
allowed curved raypath trajectories through the target area and are therefore well suited for
applications in seismic tomography. The series expansion methods iteratively update an
estimated model function so that it converges toward a true model function with a
predicted data function. Two other more accurate but iterative methods are known as ART
(Algebraic Reconstruction Technique) and SIRT (Simultaneous Iterative Reconstruction
Technique). Their basic theory originates from the series expansion approach. To solve the
nonlinear problem in practice estimated ray path lengths are computed using the estimated
slowness in the model function and the estimated ray path lengths are used in ART or
SIRT algorithm. This is called “an iterative linear approach” to solving a nonlinear

problem.

3.4. Local Earthquake Tomography

In Local Earthquake Tomography, the study region was modeled through rectangular
blocks and a parameter was set for each block to define the perturbation of P wave
slowness in the block. On the basis of the reference Earth model, a set of linear equations
for the observed first P wave arrival times are formulated by using earthquakes and seismic

rays in cells. Local earthquakes’ significant activation of both compressional and shear
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waves and their 3-D spatial distribution composes preferable reason to use local

earthquakes as sources for determining seismic arrival time in LET.

The body wave travel time from an earthquake i to a receiver j is expressed using ray

theory as a path integral

receiver

T = juds (3.14)

y
source

u is the slowness field and ds is an element of path length.
ty =1, +T (3.15)

The equation above gives the arrival times and 7; is the earthquake origin time. The

residual between observed and calculated times is calculated by

ro=t" — (3.16)

y y J

t,_-,-”bs: A set of arrival times measured at from seismic stations (picking arrivals)
tif“l : The calculated arrival times are determined from equations (3.14) and (3.15)
using trial hypocenters, origin times and an initial model of the seismic velocity structure

(a priori information).

The residual can be interested in the desired perturbation to the hypocenter and

velocity structure parameters by a linear approach

aT; receiver
L Ax, + AT, + jauds (3.17)

k source




24

Additionally, adoption of any finite parametrization of the wvelocity structure,

equation (3.17) is written as

or,

v :ZZTU Axk+Ari+ZL:6

k=1 OX} =1 Om,

Am, (3.18)

Almost all LET process is originated from the equation above. In this equation, the

hypocenter partial derivatives 07 / Ox, are proportional to the components of the ray

vector times the seismic slowness at source point. The basis theory denotes that the aim of
LET is to increase the estimates of the velocity structure and hypocenters by perturbing
them in order to reduce some calculation of the residual to the data when these empirical

formulas and necessary parameters to solve these equations are taken into account.

One of the important problem in LET is hypocenter and velocity coupling structure.
To succed the aim of LET, we need an iterative scheme for solution, as the hypocenter-
velocity structure coupling inherent in equation (3.17) can lead to significant nonlinearity.
To reduced form of the matrix of all partial derivatives into two smaller matrices, one
containing the hypocenter location information and one containing model parameter
information (Pavlis and Booker, 1980; Spencer and Gubbins, 1980; Rodi et al., 1981), the

complete system of simultaneous inversion equations can be written in the form
r=HAh+ MAm (3.19)
r 1s the residual vector, H and Ah are the matrix and vector of hypocenter parameter
partial derivatives and perturbations, respectively, M and Am are the matrix and vector of
velocity parameter partial derivatives and perturbations, respectively. For the ith event,

r, =H.Ah, + M ,Am (3.20)

the set of equations are obtained.
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Neglecting the effect of velocity parameters in equation (3.20) while locating the
earthquakes has the potential to introduce systematic errors into the estimated hypocenter
locations (Thurber, 1992; Eberhart-Philips and Michael, 1993). Similarly, ignoring of
hypocenter parameters in equation (3.20) may result in biased velocity parameters.
Tomographic imaging with local earthquake data demands the updating of both hypocenter
and velocity parameters. At this point, the parameter seperation which is called the QR

decomposition is applied. The @R decomposition of H; (Lawson and Hanson, 1974),

i
N
)
N
w
i
=

0 1y 1y 1y
0 0 ry ny
OH, =0 0 0 ry4 (3.21)
O 0 0 O
O 0 0 O

Using the partition of Q below row 4, known as Qy, to form the equation
Oyt =1 = O H A, + Q.M ,Am = M, Am (3.22)

The property that O H, =0 is used and equation (3.21) edited in respect of damped

least square method to find Am.
il 1l 1 il 1l
Am = [(M fm+ ﬁﬁ} (M) r (3.23)

The equation (3.23) results in a matrix size fixed by the number of velocity model
parameters (Spencer and Gubbins, 1980; Thurber, 1983). Therefore, this method is not
subject to an increase in the size of the matrix to be inverted as the number of earthquakes
included in the inversion grows. Defining inversion problem as equation (3.23) leads to
some disadvantages such as the loss of singular value information, the sensitivity of the
solution to the choice of damping value and squarring of the condition number of the

matrix to be inverted. After solving the equation (3.23) changes in velocity parameters are
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applied velocity model and earthquakes are iteratively relocated with a new velocity model

during desired iteration number completed.

The other substantial part of the 3-D tomographic inversion is defining the solution
quality which is related to resolution. To determine the solution quality, hitcount, DWS
and RDE measures are checked. Ray number is considered in hitcount. If blocks have no
rays, resolution will be poor for this block. Hitcount helps us to observe blocks which have
low and high resolution. DWS describes the amount of data constraining the velocity at
that node. High DWS value expresses the high resolution. In the standard discrete inverse
theory approach, in the course of finding the solution to the problem Gm=d, an inverse
G is computed. One can then directly determine the matrix of model resolution R

(Thurber, 1993)

R=G'G (3.24)

Equation (3.24) is called the resolution matrix. The columns of the resolution matrix
show how much the true model is smeared into the various parameters of the inversion
model. In tomographic studies, resolution matrix has inummerable compenents. Therefore,
diagonal elements in resolution matrix is used to evaluate resolution of the model
parameters. RDE, hitcount and DWS are searched to perform reliable evaluation about the

resolution estimates.
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4. DATA ACQUISITION AND PROCESSING

4.1. Seismic Stations

In this study, earthquake data were mainly provided by KOERI. KOERI has 29
seismic stations, both short period and broadband, in the region. Blue triangles show the
seismic stations belong to KOERI in Figure 4.1. From January 2003 to December 2006,
three years data set are obtained from 29 seismic stations belong to KOERI. These located
events are prepared for VELEST through format conversion and data set quality was
checked by running VELEST with a priori initial velocity model before combining new data

set obtained between January 2007 and October 2007.
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Figure 4.1. Seismic stations in the study area. Blue triangles show KOERI stations, red

triangles show temporary sta