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ABSTRACT

ACCURATE LOCATION OF HYPOCENTERS USING DOUBLE
DIFFERENCE AND ACTIVE FAULT STRUCTURES IN
GOKOVA BAY

Double Difference Algorithm, HYPODD, is used for relocating the earthquakes in
the Gokova Bay. The aim of this thesis is two folds: first we look for the best choice of
inversion parameters which determine the performance of HYPODD at local scale, and
second, as a by product of the test data used in the study, we determined the active faults in
the Gokova Bay. We used four year (April 2006-December 2009) seismic earthquake
recordings and relocated 972 events with magnitudes between 1.5 and 4.5.

The inversion part of HYPODD package can be run by using both catalog and cross-
correlation data. In this study both methods were used. We have observed that correlation
based inversion gives a better picture only if the events in the cluster are very close to each
other (<3km). When stations are sufficiently high in number (>4 stations) and well
scattered around the seismic zone at moderate distances (i.e. <60 km), we observed that the
performance is high, and do not critically depends on the control parameters. The
improvement in using hypoDD and in particular correlation based applications is mostly
apparent when depth sections are analyzed. The other important observation is that the
choice parameters and therefore the final performance entirely depend on the geometry and
the distance of event pairs. The parameters MAXSEP, MINLNK, MINOBS are very
critical and a conservative selection of these parameters will lead to a drastic reduction of
the data set. Separating the data into clusters or not is a matter which entirely depends on
the data. If data shows isolated clusters with distinct character each, it would be unrealistic

to use a single set of control parameters for all of them, and clustering is recommended.

In term of active fault geometry of the faults in Gokova, it is clear that an offshore

fault parallel to the northern boundary is well confirmed. The fault extends from midway



vii

between Oren and Cokertme to land close to Akyazi, roughly 27°45°W to 28°20°W. The
depth section of this fault is vertical in the central part, but shows a possible south dipping
in the east. At the western end the fault shows a change in strike and turns south with a
strike direction of roughly 36°. This fault continues to 36°45°N, midway between Cos

Islands and Dat¢a Peninsula.
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OZET

CIFTLER ARASI FARK YONTEMIYLE DEPREMLERIN KESIN
KONUMLARININ BELIRLENMESI VE GOKOVA KORFEZI AKTIF
FAY YAPISI

Ciftler aras1 fark yontemi, HYPODD kullanilarak Gokova Korfezi'nde meydana
gelen depremlerin konumlar1 yeniden belirlendi. Bu tezin amaci, lokal 6lgekte ters ¢oziim
parametre secimlerinin HYPODD’nin performansma etkilerini anlamak ve Gokova
Korfezi’ndeki aktif faylarin yerini belirlemektir. Bu amagla, Nisan 2006-Aralik 2009
doneminde kaydedilmis depremler kullanilmis ve biiytikliikleri 1.5-4.5 arasinda degisen bu
depremlerden 972 tanesinin lokasyonu yeniden belirlenebilmistir.

HYPODD’nin ters ¢oziim kismi, katalog ve korelasyon olmak tizere iki farkli data
tizerinde ¢alistirilabilir. Bu ¢alismada her iki yontem de kullanilmigtir. Korelasyon datasina
bagh yiiriitiilen ters ¢oziimiin, yalnizca depremlerin birbirine yakin oldugu boélgelerde 1yi
sonu¢ vermekte oldugu gdzlenmistir (<3km). Istasyon sayismin yeterince yiiksek oldugu
(>4 istasyon) ve depremlerin olustugu bolgeye orta mesafede (<60km) iyi dagilim
gosterdigi durumlarda; kontrol parametrelerinden bagimsiz olarak, sonuglarin iyilestigi
gozlenmistir. Derinlik kesitleri incelendiginde; HYPODD kullaniminin 6zellikle de
korelasyon verisi kullaniminin etkisi agikca gériilmektedir. Onemli bir diger gézlem ise,
parametreler ve bunlara bagli sonuglarin geometri ve deprem ciftleri arasindaki uzakliga
bagli oldugudur. MAXSEP, MINLNK, MINOBS parametreleri uygun aralikta
secilmemeleri durumunda; veri setinde asir1 azalmaya sebep olabilecegi i¢in oldukga
kritiktir. Verilerin kiimelere ayrilmasi, tamamen veri seti 6zelliklerine bagli bir durumdur.
Eger veri igerisinde birbirinden farkli 6zellikler gosteren kiimeler varsa, hepsi i¢in ayni
kontrol parametrelerinin kullanilmasi ger¢ek¢i bir yaklasim olmayacaktir. Bu sebeple

veriyi kiimelere ayirma, tavsiye edilen bir yontemdir.



Gokova Korfezi icindeki aktif faylarin, kuzey kiyiya paralel oldugu aciktir. Oren ve
Cokertme arasinda kalan bolgeden (27045'W) baslayan bu fay, Akyazi yakinlarina
(28°20'W) kadar uzanmaktadir. Derinlik kesitleri gdstermektedir ki; fayin orta kismi dik
bir yap1 gosterirken, dogu kisim giineye dalan bir yap1 gostermektedir. Korfezin batisinda,
fay yonelimi degiserek giineye donmiistiir ve kabaca 36° lik bir aciya sahiptir. Bu fay,

Datca Yarimadasi ve Kos Adas1 arasinda 36%45'N civarina kadar devam etmektedir.
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1. INTRODUCTION

The aim of this thesis is two folds: first we look for the best choice of inversion
parameters when using hypoDD at local scale, and second, as a by product of the test data
used in the study, we determine the active faults in the Gékova Bay.

In general tectonic modeling, the errors in the locations of the earthquakes are not an
extremely important problem because the seismic activities occur generally along the plate
boundaries so a few hundred meters even kilometers are not critical in the large scale. On
the other hand exact location of the earthquakes is important for studying the detailed
geometry of fault structures. Therefore the importance of the location errors changes with
respect of the aim of the study. Turkey is one of the most seismically active countries in
the World and determining the faults more precisely is very important for tracing their

exact trajectories and therefore decreasing the damage.

Both systematic and relative location errors can be observed in the earthquake
locations (Douglas, 1967; Dewey, 1971, 1972; Jordan and Sverdrup, 1981; Pavlis, 1986).
The systematic errors should be considered statistically (Pavlis, 1986) while the relative
location errors are often results of the nonlinearity, measurement and velocity model errors
(Pavlis, 1986). So the eliminating the relative location errors are more difficult than the
systematic errors because of its complex causes. One of the most important factors on the
earthquake location is the Earth structure. The double difference location algorithm
(HYPODD) is presented as a solution to the poor Earth structure knowledge problem.
Waldhauser et al. (2000) suggests that if the two earthquakes are close to each other the
ray paths can be considered as same at common stations, so by using this assumption we
can eliminate most of the Earth structure effects besides the effects caused by the distance
between two earthquakes. In the HYPODD relocation algorithm the most important goal is
optimizing the distance between the earthquakes by using the relative time differences
(from catalog or cross-correlation data). The effectiveness of the HYPODD has been
proved on especially aftershock studies because the distance between these earthquakes are

relatively small. The aim of this thesis is to apply the HYPODD on the close earthquakes



and understand the effectiveness of relocation control parameters on different types of data

sets.

The method we used is to carry out a series of tests on a well recorded data, with
sufficient number of events and stations, all situated within local distances. For this
purpose we used the four year (April 2006 - December 2009) seismic earthquake
recordings of the Gokova Bay. The Gokova Bay is located at the southwest of Turkey
(Figure 1.1). The African Plate subducts beneath the Turkey along the Hellenic arc and this
tectonic activity dominates the seismicity of the Aegean region. The Gokova Bay is a part
of this region and has been subject of many researches but the number of studies by
utilizing seismological data is limited. In addition, the exact location of active faults at this

region and their mechanism is still been debated.
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Figure 1.1. The map of the Gokova Bay.

1156 earthquakes were recorded at twelve seismic stations in four years time period
(2006-2009). 972 of 1156 these earthquakes were picked by using PQL and the rest could
not be picked because of the noise problems.



The study starts with an analysis of the effects of the selecting event pairs (ph2dt)
and the effect of the inversion process parameters (hypoDD) upon the outputs. We have
also tried to understand the effectiveness of the HYPODD on various data sets different in
size and in density. All these test were done by using both catalog and cross-correlation
approaches separately and together.

Before running the hypoDD program we have separated the data into four clusters
according to the distribution of the earthquakes. Each cluster has different properties in

term of geometrical shape, distance to stations, density of events, etc.

The first phase of the hypoDD (i.e. ph2dt) is to consider every possible combination
of two events, check whether an event pair satisfies a given set of conditions and finally
produce a list of events pairs which would be the ones to be used for the inversion. At this
step it is crucial to choose the optimal conditions that will determine the best choice of

event pairs. Much part of this thesis is dedicated to this problem.

We have then compared the effect of using catalog or cross-correlations for
determining the travel time differences. And finally we have analyzed the final effect of

processing the whole data together rather than in selected clusters.

Chapter 1 represents the introduction of the thesis, which includes a summary of the
main topics followed by an outline of the presentation. The geology and tectonic settings
of the study area and brief information about the previous studies are described in the
Chapter 2. The method of the HYPODD and informations about the subprograms are
presented at the Chapter 3. Chapter 4 includes the data preparation and the choice of the
ph2dt and hypoDD input parameters. The results of the relocation of the earthquakes at the
clusters separately by using catalog, cross-correlation and combination of both data sets
and their comparisons are represented in the Chapter 5. Finally, the conclusions are given
in the Chapter 6.



2. GEOLOGY AND TECTONIC SETTING

Turkey is located at the intersection of African, Arabian and Eurasian plates. East
part of Turkey has crustal shortening and thickening regime as a result of the north directed
movement of Arabian plate with respect to the Anatolia (Sengor and Yilmaz, 1981). These
intense collisional events in the eastern part started with the closure of Neo-Tethyan Ocean
(Sengor and Yilmaz, 1981). This compressional tectonic regime is still continuing, as part
of the Alpine-Himalayan orogeny. Western Turkey and the Aegean Sea, which are
bordered by the North Anatolian Fault to the north and the Hellenic Subduction Zone to
the south, are characterized by an active extensional regime (McKenzie, 1970). GPS
studies confirm that the Anatolian microplate has a counterclockwise rotation (Reilinger et
al., 2006). The speed of this movement increases gradually toward the Hellenic Arc. The
speed of the rotation of Central Anatolia is 20-25 mm per year as a result of the movement
of the Arabian plate (~20-30 mm/year) and the roll-back Hellenic Subduction regimes
(Reilinger et al., 2006) (Figure 2.1).

Figure 2.1. GPS velocities relative to Eurasia (Reilinger et al., 2006).



The NS compression tectonic regime is well known to have started after the closure
of the Tethyan Ocean during the late Cretaceous (Yilmaz, 2010). However, the
compressive effect of the Arabian ‘indenter’ started to induce the extrusion process with a
delay but before the Middle Miocene (maximum age: 16 Ma). The timing of the NS
extension regime in the west of Turkey is still matter of debate (Gautier et al., 1999). Some
authors relating the extension directly to the extrusion tend to date the it later than the
Middle Miocene (Le Pichon an Angelier, 1979; Dewey and Sengor, 1979) others using
radiometric and stratigraphic data put the onset at an earlier time with a minimum age of
21 Ma (Gautier, 1999). The grabens and horsts at the Aegean region have occurred as a
result of this new extensional tectonic regime. Our study area is located at the border of

this complex system which is seismically active.

Geographically, the Gokova Bay is located at the southwest Turkey. It is bordered by
Datca Peninsula from the south, Bodrum Peninsula from the north and the Cos Island from
the west. Almost 120 km in length, the Gokova graben is neighbored by two active

volcanoes to the southwest, namely Yali and Nisyros (Dirik, 2007).

The first observational study in Dat¢a Peninsula was made by Philippson in 1915
(Ersoy, 1991). Following this preliminary work, Datga peninsula had been the subject of
many studies which are basically focused on the volcanism, geomorphology and the
tectonics of the area (Dirik, 2007). The rock units of the Datga peninsula were formed in
two main stages: Pre-Neogene (ophiolite, ophiolitic melange, blocky flysch and sediments)
and Neogene-Post-Neogene (terresterial and marinal sediments, alluvium, beachsand,
beachrock, talus, old terrace and volcanic deposits) (Ersoy, 1991). Ercan (1980) and Ercan
et al (1984) studied on the volcanic activity of the region and Smith et al. (1996) proposed
that the age of this volcanic activity is 161ka (Dirik, 2007). The pyroclastics remains were
determined by Allen and Cas (2002) for Cos Island, Bodrum and Dat¢a peninsula and the
origin of these remains have shown more details of the volcanic activity around these
regions (Dirik, 2007). As far as tectonic processes around Datga Peninsula are concerned,
observations reveal the existence of two main episodes: compressional paleotectonic (NS
and EW) followed by extensional neotectonic structures. The faults and other tectonic
features observed today (i.e. symmetric and antisymmetric anticlinal and synclinals) were

created by both the compressional and the subsequent extensional regimes (Ersoy, 1991).



The paleotectonic structures are mainly located at the western part of the Datga Graben
contains both the trust and the reverse faults which are the evidence of the compressional
regime (Ersoy, 1991) (Figure 2.2). The neotectonic structures are represented mainly by
graben systems with different ages and orientations (Goriir et al., 1995) (Figure 2.3). The
first one is NW-SE oriented Dat¢a graben which contains sedimentary and volcanic rocks
(Gortir et al., 1995). Dat¢a graben is located at the middle of Resadiye Peninsula (Dat¢a
Peninsula). It started to develop on the Lycian Nappes by NW trending fault as a half
graben during early Pliocene. The second graben system is represented by the EW trending
Gokova and Hisaronii grabens which cut the first one (Goriir et al., 1995). The evolution of
the EW trending Gokova and Hisaronii grabens is based on NS directed extension which
presently active. EW trending faults on the south edge of the Gokova graben and the north
faults of the Hisaronii graben cut the late Pliocene deposits of Dat¢a graben so the
Resadiye horst evolved between these two grabens (Dirik, 2007). Gokova and Hisaronii

grabens are relatively young and started to develop from early Quaternary (Dirik, 2007).
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Figure 2.2. Geologic map of the western part of the Dat¢a Peninsula. DF: Datga
Fault, MF: Mesudiye Fault, YF: Yakakdy Fault, DAF: Damlaca Fault (Dirik, 2007).
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Figure 2.3. (a) Tectonic map of Aegean region (Dirik, 2007); (b) The general
tectonic map of Gokova region (Dirik, 2007) (These maps were modified by Dirik (2007)
from Gortir et al. (1995) and Kurt et al. (1999).

The northern part of the Gokova Bay is represented by Lycian Nappes over which
Mugla-Yatagan and Milas-Oren rift systems are developed (Goriir et al., 1995) (Figure
2.4). These NW-SE trending rift systems are cut by NE-SW trending short faults (Goriir et
al., 1995). The original orientation of these rifts was NS and they rotated anticlockwise at
the end of the Miocene (Goriir et al., 1995). The units of the NW-SE rifts can be grouped
into three ages. The first one contains the Middle Miocene age clay-stone, sandstone and
conglomerate and corresponds to the Eskihisar formation (320 m) (Goriir et al., 1995). The
second sequence consists of Upper Miocene aged conglomerate, sandstone, siltstone,
claystone, clayey limestone, limestone and tuff (350 m) which is called as Yatagan
Formation (Gortir et al., 1995). The last section corresponds to the Quaternary sediments

and the average thickness of these formation changes between 20 to 100 m (Goriir et al.,
1995).
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Figure 2.4. This geological map of the Gokova region illustrates the two rift systems
(Gortir et al., 1995).

The geological units of Cos island are part of the Central Hellenic Nappes
(Jacobshagen,1986; Drinia et al., 2010). The oldest units are located at the central part
towards the south coast (Units: Permocarboniferus marls, impure limestones, sandstones,
phyllites and rare mafic intercalations) (Altherr et al., 1972; Gralla, 1982; Drinia, 2010).
Tilos and Nisyros (together with Yali) islands are the members of the Hellenic Volcanic
arc, which include Soussaki, Methana, Aegine and Paros islands at the western end and
Milos, Santorini at the central part (Nomikou et al., 2010) (Figure 2.5). The direction of the
Hellenic arc at this region is parallel to morphological trend of Cos so it is ENE-WSW
trending (Nomikou et al., 2010).
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Figure 2.5. Present day geodynamic structure of the Hellenic Arc (Nomikou et al.,
2010).

Volcanic activity at the eastern sector of the Hellenic Volcanic Arc around the
islands of Cos, Yali and Nisyros started at in the Pliocene (approximately 2.6-2.8 my) and
they were active during the Late Pleistocene-Holocene period (Nomikou et al., 2010). The
last magmatic eruptions were reported at the Nisyros island in 1871, 1873, 1888
(Georgalas, 1962; Papadopoulos et al., 1998). The largest volcanic eruption of the Eastern
Mediterranean occurred at Cos almost 0.16 my ago (Nomikou et al.,, 2010). Ash,
pyroclastics flows spread out 3000 km? area including Turkish mainland (Keller, 1969;
Smith et al., 1996; Allen et al., 1999; Nomikou et al., 2010).

The new studies have shown that the Methana, Milos, Santorini and Nisyros are the
four active centers of volcanic arc (Nomikou et al., 2013). Each volcanic group geometry
is different through time and so is the volume of the extruded rocks (Nomikou et al.,
2013). Nisyros is an even younger volcanic group with the highest activity during Late
Pleistocene—Holocene. Both onshore and offshore, post-dating the previous intense activity
throughout Pliocene—Middle Pleistocene of Cos and the large marginal faults of the basins

are usually normal in character (Nomikou et al., 2013).
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2.1. Previous Studies

The first mention of fault structures were done by Sieberg (1932) who suggested that
Gokova Bay was bordered by two main faults from north and south and named the region

as Cos Graben.

The Gokova fault was investigated in detail by Barka et al. (1985) for the purpose of
site selection for Gokova Thermoelectric Power Plant (Barka et al., 1995). They indicated
that Gokova Fault was located at the north coast of the bay and had normal mechanism
(Barka et al., 1995). The western part of the fault continues offshore through the SW of
Cos Island from Oren region. The east branch of the fault continues at land towards the
Ula-Yerkesik-Gokova (Barka et al., 1995). Barka et al. (1995) argued that Gokova basin
developed as a half graben because of this normal fault which has 120 km length in total.
Several fault scarps around Oren region illustrate that the Gokova fault is an active zone
and produced destructive earthquakes such as 1493 earthquake which destroyed the
Bodrum city completely (Barka et al., 1995).

Ersoy (1991) made a study on geological structures of Datca Peninsula and asserted

the two main faults which bound Gokova graben from the north and south (Figure 2.6).
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Figure 2.6. Map of the G6kova and Hisar6nii Grabens and their main faults (Ersoy,
1991).

The offshore faults of Gokova Bay were studied by marine seismics (Ulug et al.,
1996, 1998; Ecevitoglu et al., 1996). These first studies were inefficient for investigating
deep structures because high seismic frequency signals are absorbed with depth rapidly and
this limitation decreased the penetration depth (Ecevitoglu et al., 1996). On the other hand
these studies were important to explore the shallow structures for explaining the
neotectonic regime of the bay (Ecevitoglu et al., 1996). The results of the shallow seismic
study of Ulug et al. (1996) have illustrated that the NE region of Gékova Bay has several
oblique deltaic layers. These delta structures were affected by sea level changes in the
glacial and interglacial period (Ulug et al., 1996). Ulug et al. (1998) suggested that main
part of the Gokova Bay was subsiding. The northwestern and western parts of Gékova Bay
were bordered by WSW-ENE trending faults and south part of the bay was bordered by E-
W trending fault (Ulug et al., 1998).

Kurt et al. (1999) used multi-channel seismic reflection data and proposed the
existence of The Datca Fault (1999) on the south of the bay. They claimed that the Gokova
Bay opened by trough the vertical movement of this E-W directed, buried fault. The faults
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at the northern part of the bay were identified as the antithetic faults of the Datga fault
(Kurt et al., 1999) (Figure 2.7).
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Figure 2.7. The fault map of the Gokova Bay (Kurt et al., 1999). The bold lines show
the major faults and ticks are on hanging blocks. Kurt et al. (1999) adopted the on land
faults from Goriir et al. (1995).

EW trending opening regime of Gokova Bay as a result of Datga fault was also
supported by Ulug et al. (2005). In that study they used shallow seismic reflection. The
most important outcome of the study of Ulug et al. (2005) is NE-SW trending Goékova
Transfer Fault is located at the central part of the bay. Ulug et al. (2007) also used

seismological data to support the existence of this fault (Figure 2.8).



13

0 gt LS
£ :

, .
GULPOF GOKOVA  *

LA

o ©o

Figure 2.8. Seismotectonic map of Gokova Region (Ulug et al., 2007).

A recent seismic reflection study of Gékova Bay was made by Iscan et al. (2012). In
contrary to earlier results, they claimed that the main structures of the Gékova Bay are
strike-slip and reverse faults and folds (Iscan et al., 2012). According to their results, the
young tectonic regime of Gokova Bay is characterized by NE-SW strike slip fault which
intersects all WNW-ESE trending submarine structures. On the other hand the normal
faults represents the old tectonic regime and at present they are inactive or less active
(Iscan et al., 2012) (Figure 2.9).
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Figure 2.9. Active fault map of the Gokova Bay: red and black lines strike-slip and
normal faults, respectively, blue lines reverse faults and folds (iscan et al., 2012). In these
maps the earthquakes (shown by dots) were used from the USGS and NEIC catalogs for
the period 1973-2011, the Oland faults were used from Saroglu et al. (1992) and the GPS
data were used from McClusky et al. (2000).

Most of the studies about the Gokova Bay are based on the seismic reflection or
surface observational data. The number of studies utilizing seismological data is limited.
The first seismological study was made by Eyidogan et al. (1996) who studied 240 analog
recordings of earthquakes recorded between 04/07/1995-05/08/1995. They suggested that
the northern part of the bay was the active branch. The second study based on
seismological data was made by Aktar et al. (2006). The results of that study has illustrated
clearly that the northern part of the bay is seismologically active and several segments
were identified. The total length of the fault between Ula-Oren is 40 km and the eastern
part of this fault continued on land approximately 10-12 km (Aktar et al., 2006). An
earthquake swarm occurred in 2004 at the western part of the fault which begins at Oren
region and continues at the sea towards the west part of the bay (Aktar et al., 2006). In that
study the earthquakes which are located at the southwest of Cos Island could not had been
observed with accuracy, so the seismic activity of the fault beyond Cos Island remains
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unclear (Aktar et al., 2006). The most important result of this study is about the Datga fault
because Aktar et al. (2006) suggested that the Datga fault is a shallow antithetic fault and is
not the main branch as was previously suggested by marine seismic studies (Kurt et al.,
1999).

The latest seismological study is done by Yolsal et al. (2014). The aim of this study
is determining the fault parameters and the deformation in the Aegean region by using P
and SH waveform inversions. The important result of this study is the seismic activities of
the bay are still controlled by NS extensional regime but they have small strike slip

components.

2.2. Seismic Activity

The Gokova Bay is a part of the seismically active Aegean region. It is located at the
southwest of Turkey and both historical and instrumental recordings show that the

destructive earthquakes occurred at this region (Table 2.1).

Table 2.1. List of the earthquakes around the Gokova Bay.

DATE LATITUDE | LONGITUDE LOCATION INTENSITY REFERENCE
BC 222 36.50 28.00 RHODOS,CYPRUS(TSUNAMI) X KOERI
BC 183 36.00 28.00 RHODOS,CYPRUS X KOERI
155 36.30 28.00 RHODOS MUGLA FETHIYE X KOERI
08.08.1304 36.50 27.50 RHODOS,CRETE,CYPRUS X KOERI
03.10.1481 36.00 28.00 RHODOS,SW ANATOLIA(TSUNAMD X KOERI
18.08.1493 36.75 27.00 ISTANKOY(COS) ISLAND X KOERI
1570 - - RHODOS - Ambraseys and Finkel, 2006
1571 - - COS ISLAND - Ambrascys and Finkel, 2006
1616 - - RHODOS - Ambraseys and Finkel, 2006
1660 - - RHODOS - Ambraseys and Finkel, 2006
1673 - - COS ISLAND - Ambraseys and Finkel, 2006
1685 - - RHODOS - Ambraseys and Finkel, 2006
1686 - - RHODOS - Amibraseys and Finkel, 2006
1714 - - RHODOS - Ambraseys and Finkel, 2006
1741 - - RHODOS - Ambrascys and Finkel, 2006
1776 - - RHODOS - Ambraseys and Finkel, 2006
18.10.1843 36.25 27.50 RHODOS,AEGEAN(6000 DEATHS) X KOERI
28.02.1851 36.50 FETHIYE, MUGLA, RHODOS X KOERI
12.10.1836 36.25 28.00 RHODOS.CARPATOS CRETE(TSUNAMI) X KOERI
22.04.1863 36.50 28.00 RHODOS X KOERI
29.02.1885 37.20 27.20 AEGEAN SEA(1830) X KOERI
23.5.1941 - - MUGLA ML=6.0) VII KOERI
2541957 - - FETHIVE. RHODOS, MUGLA (ML=7.1) (67 DEATHS) X KOERI
25.4.1959 - - KOYCEGIZ, MUGLA (MI=5.9) VI KOERI
23.5.1961 - - FETHIYE, RHODOS, MUGLA VII KOERI
Jemary, 1987 RHODOS. MARMARIS (4.0 <M <4 4 The total mumber of KOFRI
carthquakes was 10)
274.1989 - - GULF OF GOKOVA (MI=5.3) - KOERI
. - GULF OF GOKOVA (4.0 <Ml <5.1 The total number of carthquakes| KOERI
28.4.1989 was 4)
Jamary, 1950 DATGA RHODOS MARMARIS (4.0 <MI <4.8 The total number of KOERI
carthquakes was 21)
2681993 - - MARMARIS (Mb=53) - KOERI
12.4.1996 - - DATCA (Mi=5.4) - KOERI
1996 - - RHODOS (ME=5.2) - KOERI
5.10.1999 36.80 28.14 MARMARIS, MUGLA (MI=5.6) - KOERI
3.8.2004 - - GULF OF GOKOVA (MI=5.0) - KOERI
482004 - - GULF OF GOKOVA (MI=5.4) - KOERI
GULF OF GOKOVA (MI=5.0) (The total number of carthquakes KOERI
482004 - - berween 04.08.2004-08.08.2004 was 1308)
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The seismic activities of the bay have increased since 2004. According to the catalog
data of KOERI (Figure 2.10) most of the seismic activities localize at the northern part of
the bay. This part is dominated by EW trending normal faults and it is confirmed by many
studies. The intense on-shore activities north of Oren represent the explosions of the
quarries. On the other hand the Figure 2.10 illustrates the second earthquake cluster at the
western part of the bay, nearly midway between Cos Island and Datga peninsula but this

part is still debated.

27°00" 27°15'" 27°30" 27°45' 28°00" 28°15'" 28°30" 2845

. B 36°30'
27°00" 27°15'" 27°30" 27°45' 28°00" 28°15'" 28°30" 28°45

Figure 2.10. Seismic Activity in the Gokova Bay between 2009/07/10 and
2014/05/31 (0 <M< 9) KOERIL.
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3. HYPODD

3.1. Method

The earthquake location is an inverse problem where arrival times to stations are the
data, the hypocenter coordinates and the origin time of each event are the unknowns. The
observation vector is connected to the unknown vector by a matrix, of which the values
depend on the unknowns in non-linear way. Therefore the hypocenter location problem is a
complex inversion process. The errors in the earthquake location are basically due to the
nonlinearity, measurement and velocity model errors. The main purpose of the earthquake
location programs is to minimize these errors which mostly originate from the poor idea of
the Earth structure. For most of the earthquake location programs Geiger's method is used
for the iterative inversion. This method is based on least squares technique and linearizes
the travel time equation locally by using Taylor series expansion. Iterative corrections are
made depending on the difference between the observed and the predicted travel time.

A significant improvement in earthquake location is achieved when the relative
position of earthquakes are also taken into account. Master event technique and Double
Difference techniques are examples of such methods. In these latter approaches, if the
hypocenter distance of two events is close to each other, the ray paths to the station may be
accepted as the same. So the travel time difference between these two events depends only

on their separation distance.

If the earthquakes are located with HYPODD, the common errors concerning the
travel path to stations are eliminated practically. In the conventional approach, the travel
time error between each hypocenter and stations are minimized individually. In HYPODD
method, minimization is done over a number of events which are close to each other. In
this method, relative positions of neighboring events are optimized by minimizing the
travel time difference between all combinations of event pairs in the cluster. In this
approach the relative positions of events are taken into account and therefore are more

correct than the conventional approach. Furthermore, since the travel time difference of
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event pairs only depends on the velocity structure around the epicenters, and not on the
entire travel path to the station, the lack of knowledge of crustal velocities is a less serious

problem.

The major problem in HYPODD is the fact that, since all hypocenters are solved
simultaneously and since the observation vector (travel time difference of all event pairs)
has a high dimension, the inversion process is difficult and tends to be ill conditioned.
Therefore a number of measures need to be taken in order to guarantee the convergence of
the inversion processes. This is done by properly limiting the number of event pairs to a
useful minimum by an appropriate choice of filters. Furthermore the inversion algorithm
needs to be selected using either least square or singular value methods. The damping
factor in the recursive iteration also needs to be determined properly. In practice the
inversion starts with a given set of parameters and these parameters are changed
progressively as the iteration continues. In other word the success of HYODD method
depends entirely on the choice of parameters which in turn depends on the data available.

In practice, this requires a fine tuning in order to guarantee the best performance.

HYPODD software package contains four subprograms which are HypoDD, Ph2dt
Hista2ddsta and Ncsn2pha. The hypoDD is the basic part of the double difference
inversion algorithm. It locates the earthquakes either by independent creating groups or
taking them as a whole. The travel time input data for the hypoDD (inversion process) is
created by the ph2dt program form the catalog data. Ph2dt and hypoDD are the crucial
parts of the HYPODD because hypoDD creates the relocated data file based on the ph2dt
output. The other subprograms Hista2ddsta and Ncsn2pha basically convert the outputs of
the earthquake location program to the double difference algorithm format for some
specific seismic networks such as NCSN (Northern California Seismic Network). The
outputs of Hista2ddsta and Ncsn2pha are the station and the phase files which are inputs of
the Ph2dt program. In this study Hista2ddsta and Ncsn2pha were not used because these
programs are not coherent with our data format. Instead, since our catalog is in SEISAN
format, we have used Nor2dd which is a software tool of the SEISAN package.

Ph2dt program is the first step of HYPODD and calculates relatively the absolute and

differential travel times for all event pairs from the catalog data (Waldhauser et al., 2000;
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Waldhauser, 2001). The output files of the ph2dt are dt.ct (selected pairs of travel times
from catalog data), event.dat (a summary of all events), event.sel (selected events),
ph2dt.log (reporting missing stations and outliers). In the case where differential times are
calculated using waveform correlation rather than from catalog, we have written a software
which produces dt.cc directly from the sac archive. At the second step of the program, the
hypoDD locates groups by using the catalog or cross-correlation data (Waldhauser, 2001).

We shall explain and discuss the parameters of both steps in the following chapters.

3.2. Ph2dt

The ph2dt program creates input file from the P and S phase catalog for the hypoDD
as the first step of the double difference location process (Waldhauser, 2001). The output
of this program includes the travel time information for all event pairs at common stations.
However not all possible pairs are included, some are eliminated according to a filtering
process set by the chosen input parameters. These parameters are: MINWGHT,
MAXDIST, MAXSEP, MAXNGH, MINLNK, MINOBS, MAXOBS and are given in an
input file (ph2dt.inp) (Waldhauser, 2001). The input parameters of ph2dt are important for

creating qualified data set and connectivity of the events (Waldhauser, 2001).

When two events are close enough such that their differential time will be taken into
account, they constitute an event pair. In this situation each event is considered to be the
neighbor of the other. The input parameters to ph2dt determine the conditions for an event

to be the neighbor of another. The above definitions are shown graphically in Figure 3.1.
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Neighbor
. Neighbor
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Neighbor Neighbor

Figure 3.1. Sketch of the event pairs and the neighbors.

The parameter MINWGHT represents the picking weight when differential times are
taken from catalogs. It determines how much the phase reading is accurate and therefore
need to be taken account in the inversion. When inverting with waveform correlation case,
this weighting corresponds to the correlation factor. MAXDIST is the maximum distance
(km) between the events and the stations. This value should be chosen according to the
study area. MAXDIST corresponds to the distance (km) above which phase readings are
discarded. If the recordings are reliable, using small MAXDIST value is not recommended

since it decreases the number of data or the redundant ones.

MAXSERP is defined as the search radius so that the distance between the event pairs
cannot be larger. The distance between two events should be as small as possible for

creating reliable data set. This parameter is illustrated in Figure 3.2.
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Figure 3.2. Sketch of the event links according to the MAXSEP parameter.

The maximum number of neighbors of an event is limited by a parameter called
MAXNGH. For each event number of neighbor events is limited to the closest MAXNGH
events. Choosing MAXNGH too high leads to the unstability of the inversion. Choosing a
low value leads to overlocalisation of the inversion, which in turn limits the performance.
MINLNK is a parameters which concerns a given event pair. It determines the minimum
number of phase readings that needs to exist for an event. P and S reading at one station
are counted as two distinct phase readings. Strong and weak neigbors definitions are used
based on this parameter. If the number of phase pairs of the neighbors is more than
MINLNK, the event pair is named strongly linked events while the weakly linked events
have less then MINLNK phase pairs and they are selected but not counted as strong
neighbor. Finally MINOBS and MAXOBS are minimum and maximum number of the

common stations for a given event pair, respectively.
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3.3. HypoDD

HypoDD is the second step of double difference relocation program and any
combination of catalog and cross-correlation data can be processed at this step
(Waldhauser, 2001). The catalog or correlation data can be used separately or together and
the weight input parameters can be changed according to the data sets (Waldhauser, 2001).
The top of the hypoDD.inp file is associated with the input data type of the program and it
can be changed. If only catalog data will be used, dt.cc file should be remove the

hypoDD.inp file and the parameters should be changed according to the catalog data.

In HYPODD algorithm all earthquakes are first grouped into clusters so each one
have link with the other one (Waldhauser, 2001). The links between the earthquakes create
a chain into the cluster and the connectedness of this chain is related the minimum number
of observations per event pair (Waldhauser, 2001). The minimum number of cross-
correlation and catalog links is represented by OBSCC and OBSCT, respectively
(Waldhauser, 2001). If the number of link for a given event is less than this value the chain
is broken. This procedure creates a number of distinct clusters in one data set. In the limit,
if the minimum number of link is chosen as zero, the whole data is considered to form a
one single cluster. The hypoDD.inp parameters should be considered with the ph2dt.inp
parameters for creating strong links within the events (Waldhauser, 2001).

Connectivity is one of the most important factor in hypoDD and it is controlled by
weighting/cutoff parameters WDCT (for catalog data) and WDCC (for cross-correlation
data) (Waldhauser, 2001). These parameters are similiar to MAXSEP parameter in ph2dt

and control the distance between event pairs (Waldhauser, 2001).

3.4. Double Difference Algorithm

The arrival time (T) can be represented by the sum of the origin time (t) and the
travel time. The earthquake and the seismic station are represented by i and k respectively
in the Equation 1.1. In this Equation u represents the slowness field and the path length

element is ds.
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The travel time and the event location has a nonlinear relationship which is
lineralized by using Taylor expansion (Geiger, 1910) as mentioned above. The hypocentral
coordinates and the origin time are implied with the Am. These four hypocentral

parameters have linear relationship with the travel time residuals (r).

dtk i ;
d—rs Am' =1y (1.2)

The difference between the observed and the theoretical travel time is represented by
i (rf = (t°PS — t°a)t). The hypocentral parameters of an earthquake are symbolized by

Axt, Ay, AZE AT

The Equation 1.2 is not suitable for the double difference methods because it implies
the residual for a single earthquake. Therefore the Equation 1.2 needs to be adapted for two
events (i and j) (Frechet, 1985):

dt ij — 7,1
% AmY = di (13)

In this new Equation 1.3, the unknowns Am represents the relative hypocentral

parameters between two events i and j. The residual between observed and calculated

differential travel time of two events is characterized by drkij :

The Equation 1.4 is two events form of the Equation 1.3.
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drl = (t} — t])obs- (th-t])cel (1.4)

The double difference algorithm is defined by using the Equation 1.4 and it is based
on the difference between the travel times of the two events at a common station. The

equation can be used for both absolute and relative travel times.

If the hypocentral distance between two events i and j is close to each other, the
constant slowness vector assumption is valid since the major part of travel path is the same
for both events. It is calculated by taking the difference between Equation 1.2 and using

the appropriate slowness vector and origin time term for each event (Figure 3.3).

Lk Ami — Lk A = dr? (1.5)
dam dam

The full form of the Equation 1.5 is;

att . odtb . oad  .oad  oad . . .
—k Ayl +=E Az' + AT - —E AxT- —E AyT-—E A7I- AT = dr! (1.6)
ay dz dx y dz

i
d

dx
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station k station |
ij ij
IO AL

Figure 3.3. Double difference earthquake relocation algorithm (Waldhauser et al.,
2000).

The solid and open circles represent the hypocenters and they linked each other by
cross-correlation (solid lines) or catalog (dashed lines) data. S is the slowness vector and i
and j represents the two events. The stations are implied with k and | in this sketch.
Relocation vectors of the events are represented by the thick arrows (Ax) and the dt is the

travel time difference between the events at station k and | (Waldhauser et al., 2000).

The generalized form of the Equation 1.6 can be written as;

WGm= Wd (1.7)

Where G is Mx4N dimensional matrix (The number of the double difference
observations and the events are symbolized by M and N respectively), d and m represent

the data vector and hypocentral parameters vector W represents the weights.
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N Am;=0 (1.8)

The Equation 1.7 may become numerically unstable. This problem can be solved by
the elimination of the distant events by filtering suitably with the ph2dt and hypoDD input

parameters or changing the damping factor.

W [fl]m W [g] (1.9)

The damping factor is characterized by A in the Equation 1.9.

The least square or singular value decomposition can be used in double difference
algorithm. SVD is more appropriate method for the small and the well conditioned systems

on the other hand for large data set SVD is inefficient.
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4. DATA

4.1. Data Preparation

In this thesis, the data were provided by 12 seismic stations which are located around
the Gokova Bay. Four of these stations (OREN, OZCA, CETI, TURG) were temporary
and installed within a TUBITAK project conducted by Aktar et al. (2006). The others are
the permanent stations of Bogazi¢i University Kandilli Observatory and Earthquake
Research Institude (KOERI) (BLCB, BODT, DALT, DAT, ELL, FETY, MLSB, YER).
Figure 4.1 illustrates the location of both temporary and the permanent stations. Although
the ELL, FETY and BLCB do not take place on the map, they are used in the study.
GURALP CMG-6T typed seismometers are used at all of the temporary stations and their
frequency band is between 0.03-50 Hz, while the types of the permanent stations are
GURALP CMG-3T ESP and their frequency band between is 0.012-25 Hz (Aktar et al.,
2006).

37°00" ¥

GULF OF GO

5l padd

36°30" B u
27°00" 27°15" 27°30" 27°45' 28°00'" 28°15' 28°30" 28745

Figure 4.1. Seismic stations around Goékova Bay. The blue triangles represent the

temporary stations while the permanent stations are illustrated by red triangles.
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During the observation period between 2006 and 2009, 1156 earthquakes were
recorded at twelve seismic stations described above. The phases of the earthquakes were
picked by using PQL (Passcal Quick Look Package) and the output of the program is
converted to HYPO71 format by using shell programs. 972 of these earthquakes can be
located with HYPO71 as shown in Figure 4.2. The location output is expressed in Nordic
format (i.e. hyp.out file in SEISAN package) and constitutes the primary catalog to be used
as input in HYPODD. The magnitude range of these earthquakes is between 1.5 and 4.5 in
local magnitude and they localize in the first 25 km depth of the crust (Figure 4.3).
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Figure 4.2. The output of HYPO71 (972 earthquakes between 2006-2009).
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Figure 4.3. The magnitude-depth section.

i hvb.outs ) hypoDD.loc
( Oﬁhese phase.dat dt.ct hypoDD.reloc
HYPO71 . Oer\]/\t/e:rttse 4 station.dat ph2dt event.dat hypoDD hypoDD.sta
h for all event.sal hypoDD.res
to the DO clusters
format. h2dt.log hypoDD.src

Figure 4.4. Diagram of the Double Difference Relocation Procedure in this study.

Figure 4.4 illustrates the process flow of our study. The output of HYPO71 is not
compatible to HYPODD format so it was transformed to DD format by using a
subprogram of SEISAN package, namely Nor2dd. This step creates the input data file for
hypoDD (i.e. phase.dat) in addition to other auxiliary files such as one which include the
station list (i.e. station.dat). The relationship between the hypocenter parameters (epicenter
coordinates and the origin time) and the observed parameters (arrival times) is non-linear.

Furthermore, in the double difference algorithm the earthquakes are located by creating
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event pairs, therefore the dimensions of the hypocenter and observed parameter matrix are
also too large. Our complete data contains the 972 earthquakes which is too large to be
done in one single block. We separated the data into four clusters according to the
earthquake distribution for understanding the HYPODD performance on different data sets
and the computer memory restrictions. The clusters are shown in the Figure 4.5. The
number of the events, the distance between event and stations and the distance between
events are different in each cluster. These features of the clusters are useful for illustrating
the performance of the double difference algorithm on different data sets. The phase.dat

and station.dat files were created for all individual clusters.

27°00' 27°30' 28°00' 28°30' 29°00'

Figure 4.5. Clusters.

In the phase.dat file all earthquakes have an id number and the event pairs are created
by using these numbers (Table 4.1). One of the most important things is the weighting of
the phases which are not same for all stations and for all earthquakes. The weighting

translation is done by Nor2dd. The 0, 1, 2 and 4 weights in hyp.out are expressed by 1.00,
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0.75, 0.50 and 0.00 in phase.dat, respectively. The weight for an event pair is found by

averaging the weights given in phase.dat and are used by ph2dt for creating dt.ct file.

Table 4.1. Example of phase.dat file format.This file contains the header and travel time

informations.

# 2006 4 3 32340.0 36.904 27.908 26.70.00.00.00.2 1
DAT  6.681.00P
DAT 12.161.00S
YER 7.921.00P
YER 13.56 1.00 S
MLSB 8.06 1.00 P
MLSB 13.921.00 S
BODT 9.541.00P
BODT 16.96 1.00 S
# 2006 4 3123645.1 36.971 27.820 23.10.00.00.004 2

The other output of Nor2dd is station.dat file which contains the latitude and

longitudes of the stations in decimal format (Table 4.2).
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Table 4.2. Station.dat file contains the latitude and longitude of the stations in decimal

format.

DAT 36.7290 27.5778
BODT 37.0622 27.3103
MLSB 37.2953 27.7765

YER 37.1347 28.2828
BLCB 38.3853 27.0420
CETI 37.0032 28.3067

DALT 36.7692 28.6372
FETY 36.6353 29.0835
OREN 37.0417 27.9672
OZCA 36.8292 28.0772
TURG 37.1540 28.6920

In this study we used both catalog and cross-correlation data but before these steps
we tried to understand the effects of the ph2dt and hypoDD (inversion process) input
parameters to the final performance. These control parameters are directly related to the
data set and they should be chosen as much as compatible with the properties of the data.

4.2. Choice of The Input Parameters for Ph2dt

There are mainly two steps in the HYPODD process: the determination of the event
pairs and together with their phase differences (ph2dt step), and the inversion process for
the relocation (hypoDD step). We have selected the input parameters such that most of the
filtering was done in ph2dt phase, where else the filtering at inversion step was kept to a

minimum.
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Input parameters of the ph2dt program are MINWGHT, MAXDIST, MAXSEP,
MAXNGH, MINLNK, MINOBS and MAXOBS. The first parameter MINWGHT
represents the minimum pick weight. The unreliable pick weight corresponds to zero in
phase.dat file. Increase in the MINWGHT parameter means that the program will use only
the reliable phase readings. Numbers of the unreliable phase picks are low in our data and
most of these picks represent the distant or malfunctioning stations. Taking into account
the relatively low number of stations available, we have decided to include all readings,
even the most distant ones, taking however their relative weight into account. We have

therefore chosen MINWGHT to be zero for all clusters.

We calculated the distance between the stations and each earthquake by using a
matlab code at each cluster. We therefore determine the distribution of the observation

distance at each station and choose the MAXDIST parameter accordingly.
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Figure 4.6. Distance between the stations and the earthquakes in Cluster 1. ELL is
the most distant station to the earthquakes in Cluster 1 with 217 km averagely. The average
of the distance between the nearest station DAT and Cluster 1 is 20 km.
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Figure 4.7. Distance between the stations and the earthquakes in Cluster 2. ELL is
the most distant station to the earthquakes in Cluster 2 with 186 km averagely. The average

of the distance between the nearest station OREN and Cluster 2 is 18 km.
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Figure 4.8. Distance between the stations and the earthquakes in Cluster 3. BLCB is

the most distant station to the earthquakes in Cluster 3 with 175 km averagely. The average

of the distance between the nearest station OREN and Cluster 3 is 8 km.
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Figure 4.9. Distance between the stations and the earthquakes in Cluster 4. BLCB is

the most distant station to the earthquakes in Cluster 4 with 190 km averagely. The average

of the distance between the nearest station CETI and Cluster 4 is 11 km.
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Some typical examples of the distribution of observation distance are displayed in
Figure 4.6 to 4.9. Each figure shows the distance distribution at every station, for each
cluster from 1 to 4. According to the results of the distance between the stations and the
earthquakes, ELL station is the most distant one at almost all clusters. This station has the
largest weights both for P and S phases at almost all earthquakes. Therefore some of the
ELL station data may be eliminated from the data set. In this study the MAXDIST
parameter of the ph2dt is chosen as 200 km.

The input parameters given above (MINWGHT, MAXDIST) were chosen directly
by examining the input HYPO71 data. However, the following input parameters are
selected after a number of trial and error experiments are carried out. Ph2dt input
parameters should be taken into account together, however for understanding their effects
to the outputs, their effect should be considered as individually. For instance MAXSEP
parameter is analyzed by changing its values only and fixing the other ones. For
understanding the affects of the parameters, dt.ct file are compared to previous ones which
are obtained using different set of parameters. At this stage it should noted that ph2dt
program calculates the distance by using not only latitude and longitude but also the depth
(Figure 4.10). So the 2D sketches are not always enough to understand the real effect of

parameters choice.

Ground

[ Depth of the event?
Depth of the eventl | )

! Difference between
two events' depth

Distance between two
latitudes and longitudes

Figure 4.10. Diagram of the distance calculation parameters.
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MAXSEP is the distance between two events when creating event pair. Increase in
the MAXSEP value creates more event pairs if there is no limitation posed by the other
parameters. Formally, MAXSEP should be as small as possible relatively to the distance
between the stations and the earthquakes. If MAXSEP is chosen too high, ph2dt create
large data set for inversion process (hypoDD) because all available earthquakes in the large
search radius will be linked. This may mean that if two linked events are too far from each
other, a uniquely defined travel path assumption may not be true anymore. Furthermore too
many linked events may also create instability of the inversion. The opposite is also not
desired since choosing the number of links too low will fails to make a significant
correction in the relocations. For deciding the right MAXSEP value, we selected MAXSEP
large enough to allow the majority of link to be taken into account. Figure 4.11 shows the
distribution of event pair distances for different cluster. We observe that most of the event
pair distances are below 6 km and the number of event pairs is higher in the less scattered
clusters (i.e. Cluster 2 in Figure 4.11). Only a small portion is above this threshold value,
this mainly due to the fact that we have separated our data into clusters of a certain fixed
radius. In the Cluster 1 we also observe that the event pair distances are slightly more
evenly scattered between 1 and 8 km. We choose the MAXSEP value as 10 to take into
account mostly the scattering in Clusterl. This choice will not modify the final results too
much in the other clusters, since in those cases the events are much more squeezed in a
single zone. Additionally, we used both MAXSEP = 10 and MAXSEP = 5 options in these

three clusters and compared the results.
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MAXNGH is a parameter which concerns the definition of neighborhood of event. It

is defined as the maximum number of the neighbor of an event within the search radius.
The search radius is represented by MAXSEP parameter and if we restrict the MAXNGH

the ph2dt program eliminates the distant neighbors.

MINLNK is a parameter which concerns an event pair. It is the lower limit of the

phase number recorded at common stations. We determined this parameter according to

the number of stations and the weakly linked events rate. If the event pairs have more than

MINLNK common phases, the event pair is named as strongly linked events. The weakly

linked events have less then MINLNK phase pairs and they are selected but not counted as

strong neighbor. It is possible that an event is weakly linked with a specific event, but
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strongly linked with other events. Strongly located events are always relocated. The
weakly linked events are not relocated by hypoDD (inversion process) if they cannot
establish the strong links between the other events. The output of the ph2dt shows the
weakly linked event percentages. We tried to choose the lowest value possible. The
Clusters 1 and 4 have relatively high weakly linked event rate due to the rate of the distant
event in these clusters, which are higher than the Cluster 2 and 3. Our number of the
station is not large so we accept this parameter as 4 which correspond to one third of the

number of the stations.

MINOBS and MAXOBS parameters concerns whether an event pair valid or not,
looking at number of common stations. MINOBS puts lower limit to the number of
readings which recorded at common station for these two events. Note that if only P-phase
readings are available MINOBS is equivalent to MINLNK. The MINOBS is 3 in all
clusters because we do not have numerous stations so at least 3 common stations is
consistent with our data and the station number. The MAXOBS is the maximum number of
common stations and it can be used as large as the number of stations. This parameter can
be limited according to the number of distant and near stations. We limited the number of
stations and only used six of them in our study but the result of this limitation was mainly
same with the unlimited ones. So we did not restrict the MAXOBS and accept the
parameter as the number of stations (MAXOBS = 12).

In this study we used both catalog and cross-correlation data inputs for hypoDD but
at this stage we mentioned only the creating dt.ct file (the catalog data). We created the
cross-correlation data file dt.cc by using the event pairs of the dt.ct. All event pairs are

correlated by using a shell program and dt.cc files are created for all clusters separately.

4.3. Choice Input Parameters for The HypoDD

The input parameters for the inversion step, (expressed in hypoDD.inp file) should

be selected in accordance with the certain properties of catalog or cross-correlation data.
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At the first step we used only the catalog data and organized the hypoDD.inp
parameters for this purpose. All P and S phases were used in this step and the distance

parameter between the cluster centroid and the stations was chosen to be 200 km.

The WTCCP, WTCCS, WTCTP and WTCTS parameters represent the weights of
the P and S phases for cross-correlation and catalog data; respectively. The parameters
which are inactive are indicated by -9. For example if catalog and cross-correlation data is
used separately, the non-used weights should be selected as -9. There is also an option for
using the catalog and cross-correlation data together by setting the parameters accordingly.
In each case the phase weighting parameters are determined according to the data set. The
weights of the P phases (WTCTP) were chosen to be higher than the S phase weights
(WTCTY) at all iterations. The reason of this choice is shown in the Figure 4.12. The most
of the number of reliable picks are P phases at all clusters. The S weights were increased
gradually at each iteration (<=WTCTS=0.5) while P weights were held fixed
(WTCTP=1.0).
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Figure 4.12. The number of the P and S phase weights of each cluster. Number of the
P phase weights at all clusters are higher than the number of S phase weights.

The other weighting parameters are WRCC, WRCT, WDCC, WDCT. The maximum
distance between the event pairs is restricted by WDCC (cross-correlation) and WDCT
(catalog).

The re-weightining parameter WDCT is quite similar to the MAXSEP parameter
used in ph2dt step. The main difference between them is that MAXSEP limits the distance
between events while WDCT parameter represents the distance between event pairs (km).
According to our observation decreasing the WDCC or WDCT parameters only eliminate
the distant data. We tested this parameter for different values and according to our

observations it is only useful for determining the major trend of the cluster, eliminating the
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scattered ones. In practice keeping low values for WDCT makes the cluster cleaner but this
may not corresponds to the real situation. In this study WDCT were chosen as 9 or 4,
depending on the MAXSEP and to the cluster analyzed. The damping and the weights
were determined for each iteration separately according to the residual value of the

iteration.

4.4. Choice Input Parameters for Cross-Correlation

An important part of this study is relocating the earthquakes by using cross-
correlation for determining phase arrival differences. In this case the arrival differences are
now determined by cross-correlating the waveforms instead of taking directly the time
difference between phase pickings. From the physical point of view, the catalog data locate

the onset of the earthquake rupture while the correlation is expected to locate the centroid.

There is no special tool in HYPODD package for calculating the cross-correlation
between waveforms and preparing the input file (dt.cc). This file (ct.cc) was created for
each cluster separately by using a combination of shell and FORTRAN programs that were
written for the purpose. In this program the event pairs are taken the same as the ones in
the dt.ct file. We have selected the parameters for the cross-correlation by considering the
magnitude range, the distance range and also applying some tests to the data. Considering
the size of the events that are used in the analysis (in general 2<M<3.5) we have taken the
correlation in a time window of 4 second centered around the P-arrival or S-arrivals. We
have used the vertical component for the P-phase and horizontal components for the S-
phase. For the case of S-phase the component which gave the highest cross-correlation
value was chosen as the final time differential. The data were filtered with a 6th order

Butterworth bandpass filter between 0.1-12 Hz with two-pass.

We have checked how different the time differentials when estimated from the first
readings (i.e. catalog data) and when calculated by cross correlation. Strictly speaking they
need not to be the same since they represent different things as explained above. However
for small events (M<4.0) they are very close to each other. Therefore the results of catalog

and correlation approach should be expected to be comparable. We have checked the time
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difference between catalog (Atcy) and cros-corrrelation (Atgor) for each station components
at each cluster. Ideally the plot of At against Ate,r should give a straight line trough the
origin with a slope value of 1. In practice however the two readings are not always the
same giving therefore a scaterred line.

Our observations have shown that the catalog-correlation comparison changes
according to the study area and the features of the data set. The comparisions of the
differential and the correlation times at all stations for both P and S phases (Figure 4.13
and Figure 4.14) have shown that the scattering increases with distance both for P and S-
phases. For instance the DAT station is the closest one to the first cluster (20 km) and it is
located at the Datca Peninsula. The results of the differential time comparision have shown
that the scattering is minimum in that station for P phases (Figure 4.13). On the other hand
the comparisions of the differential times at the same station for the fourth cluster which is
the furthest one the scettering is high for the same P phase (Figure 4.14). At almost all
clusters, the scatering of the differential time comparisions of S phases are higher than the
P phases. The high scatering of P phase is observed only when the station is distant to the
cluster. The effects of the distance can be also seen by examining the weights of the phases
according to the stations. The HYPODD penalize the bad readings by giving a low weight

to that phase in the inversion.

In the case when MAXSEP = 10 km, the scatering changes between -0.8 and +0.8 s
for the P phase and -1.2 and +1.2 s for the S phases. According to the differential time
comparision results the stations away from the sea and the cultural noise have a higher

performance like the case for the OZCA station (Figure 4.13 and Figure 4.14).

The maximum value of the differential times should never exceed the maximum
arrival difference between the events of a pair. In the case when MAXSEP = 10 km, this is
not higher than the 2.0 second. In fact, if we calculate the distance roughly by using the P-
wave velocity, the corresponding distance will be almost 2.0x5.0=10.0 km, which is
compatible with the MAXSEP parameter.
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The Figures 4.15 and 4.16 illustrate the weights distribution at a single station for P
and S phases, separately. If we examine the case of DAT station at Cluster 1 and 4, it can
be clearly recognized that the high weights correspond to the close distance case and less
differential time scattering. Similarly, we observe that high weights assignments

correspond also to the smaller scattering in differential time comparision curves.
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Figure 4.13. Differential times with respect to the correlation time of both phases at

all stations (Cluster 1).
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Figure 4.14. Differential times with respect to the correlation time of both phases at
all stations (Cluster 4).
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Figure 4.15. Weight distributions of both P and S phases at all stations (Cluster 1).
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Figure 4.16. Weight distributions of both P and S phases at all stations (Cluster 4).
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5. RESULTS AND DISCUSSIONS

In this chapter the results of applying the HYPODD relocation are presented. The

method is applied basically with three different options:

- Divide data into four clusters and process each cluster both for catalog and
correlation

- Process the total data in one step with a unique set of parameters

- Divide data into four clusters and process each cluster, using joint catalog +

correlation. The results of each step are given in Section 5.1, Section 5.2 and Section 5.3.

It is clear that the inversion at the final step which process each cluster individually
and which uses both correlation and catalog jointly and optimally should have the best
performance. On the other hand, the second step which treats the whole with single set of
globally optimal parameters should have the lesser performance. We observe that the
differences in all cases are not too large to prefer one approach to the other. However this

conclusion is not a general and cannot valid for all data sets.

5.1. The Results of the Clusters for both Catalog and Correlation Process

At the beginning of this section we give the summary of the figures (Table 5.1)
which contains both inversion process (catalog and correlation) for two different control
parameters (MAXSEP = 5 and MAXSEP = 10).



Table 5.1. Summary of the figures in the following section.

50

Number of the Figure| Number of the Chaster Program Method
51 Cluster 1 Mapview | Hypo71
52 Cluster 1 Mapview |HypoDD| Catalog | Correlation MAXSEP=10
53 Cluster 1 Section |HypoDD| Catalog MAXSEP=10
54 Cluster 1 Section |HypoDD Correlation MAXSEP=10
55 Cluster 2 Mapview | Hypo71
5.6 Cluster 2 Mapview |HypoDD| Catalog |Correlation MAXSEP=10
57 Cluster 2 Section |HypoDD| Catalog MAXSEP=10
5.8 Cluster 2 Section |HypoDD Correlation [MAXSEP=10
5.9 Cluster 2 Mapview |HypoDD| Catalog | Correlation | MAXSEP=5
5.10 Cluster 2 Section |HypoDD| Catalog MAXSEP=5
511 Chuster 2 Section |HypoDD Correlation | MAXSEP=3
512 Cluster 3 Mapview | Hypo71
5.13 Oren Mapview | Hypo71
514 Oren Section |HypoDD| Catalog [Correlation (MAXSEP=10
515 Oren Waveform
5.16 Oren Histogram | Yearly
517 Oren Histogram | Howrly
518 Chuster 3 Mapview |HypoDD| Catalog [Correlation [MAXSEP=10
5.19 Cluster 3 Section |HypoDD| Catalog MAXSEP=10
5.20 Cluster 3 Section |HypoDD Correlation MAXSEP=10
521 Cluster 3 Mapview |HypoDD | Catalog | Correlation | MAXSEP=5
522 Cluster 3 Section |HypoDD| Catalog MAXSEP=5
523 Clhuster 3 Section |HypoDD Correlation | MAXSEP=3
524 Cluster 4 Mapview | Hypo71
525 Alcyaka Mapview | Hypo71
526 Alcyaka Section |HypoDD| Catalog | Correlation MAXSEP=10
527 Alcvaka Waveform
528 Alcvaka Histogram | Yearly
529 Alcyaka Histogram | Howrly
530 Chuster 4 Mapview |HypoDD| Catalog | Correlation MAXSEP=10
531 Cluster 4 Section |HypoDD| Catalog MAXSEP=10
532 Cluster 4 Section |HypoDD Correlation MAXSEP=10
533 Cluster 4 Mapview |HypoDD| Catalog |Correlation | MAXSEP=5
534 Chuster 4 Section |HypoDD| Catalog MAXSEP=5
535 Cluster 4 Section |HypoDD Correlation
5.36 Closter1+2+3+4 Mapview |HypoDD| Catalog
537 Cluster1+2+3+4 Mapview |HypoDD Cotrelation
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5.1.1. Results of HypoDD: Cluster 1

The first cluster is located at the western part of the Gokova Bay near the Cos Island
(Figure 5.1). This cluster is the most scattered one as compared to the other three. The
Figure 5.2a shows the HYPO71 locations of the earthquakes, which is called as the original
data in this study. The black line illustrates the possible fault orientation. This cluster has
169 earthquakes and almost half of them were recorded in 2008. The average distance
between the events is 5 km. The histogram of the distance between the events is scattered
in a broad sense, and not localized at a specific number, meaning that all kinds of distances
were observed (Chapter 4 in Figure 4.10). In this cluster the percentages of the distant
earthquakes are higher than the others. If the distant event rate is high in a cluster, it will
affect the event pair number therefore the relocated event rate is lower for the case of
Cluster 1.

The mapviews in the Figure 5.2 show the displacements of the earthquakes after
relocation by using catalog (right column, Figure 5.2b, Figure 5.2d) and cross-correlation
(left column, Figure 5.2c, Figure 5.2e) data. The number of events relocated by the catalog
and cross-correlation methods was 108 and 113, respectively. The average distance
between the located and the relocated events, in other words the horizontal corrections are
2.7 and 2.45 km, respectively for the catalog and the cross-correlation methods.

According to the results of the relocation for both data sets (catalog and cross-
correlation) the possible fault orientation is verified by the catalog data. The results of the
cross-correlation have shown that the main trend of this possible fault is dispersed. This
situation can be due to the insufficient number of events and also the large azimutal gap.
The stations do not cover the Clusterl from the eastern and western orientations so that the
azimutal gap is almost 150 degree in most cases. Part of the scattering may be due to this

situation.

The depth sections of the HYPO71 and the HYPODD (catalog and correlation) are
illustrated by the Figure 5.3 and the Figure 5.4. These orientations of the depth section
were taken in the fault parallel and fault normal directions. The most striking effect of

applying HYPODD is to shift down all hypocenters which were located at the surface by
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HYPO71. This is true for both catalog and correlation approaches. Another striking
observation, which is much clear in correlation results, is the existence of a deep seismicity
(15-25 km) below the well known upper crustal seismogenic zone (3-15 km). The upper
seismicity zone is sharp and its dip angle is almost zero. The lower structure seems
horizontal at 20 km, and extends down to almost 30 km depth. Overall we can conclude

that available data are not enough for resolving the fault geometry in full detail.
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Earthquakes in Cluster 1 (by using Cross-Correlation Data).
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Figure 5.3. (a) Original locations of the earthquakes (Cluster 1) and profiles; (b) Cross
sections view in the strike (Az = 53°N) and normal to the strike direction (Az = 143°N)

(Original Data); (c) Cross sections view in the strike (Az = 53°N) and normal to the strike
direction (Az = 143°N) (Catalog Data) (MAXSEP = 10).
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Figure 5.4. (a) Original locations of the earthquakes (Cluster 1) and profiles; (b)
Cross sections view in the strike (Az = 53°N) and normal to the strike direction (Az =
143°N) (Original Data); (c) Cross sections view in the strike and normal to the strike
direction (Az = 143°N) (Cross-Correlation Data) (MAXSEP = 10).
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5.1.2. Results of HypoDD: Cluster 2

The second cluster is located at the center of the Gokova Bay (Figure 5.5). The
Figure 5.6a shows the original locations of earthquakes which are much closer to each
other as compared to Cluster 1. The black line shows the possible fault orientation and this
cluster has 195 earthquakes. The distribution of the earthquakes according to the years is
almost uniform. The average distance between the events is 3 km and the percentages of
the distant earthquakes are relatively low (Chapter 4 in Figure 4.10). Therefore we created
two different input data for the inversion by choosing MAXSEP = 10 and MAXSEP =5. If
the distant event rate is low in a cluster, the catalog and also the correlation results will be

expected to be better.

37°00" ¥

36°45'

36°30" B
27°00" 2715 27°30" 27°45'" 28°00" 28°15 28°30

Figure 5.5. Cluster 2.

We first examine the case for MAXSEP = 10. The map views in the Figure 5.6 show
the horizontal displacements of the earthquakes after relocation by using the catalog (left
column, Figure 5.6b, Figure 5.6d) and the cross-correlation (right column, Figure 5.6c,
Figure 5.6e) data. By using the catalog and cross-correlation data 142 and 141 of the
events were relocated, respectively. The average distance between the located and the
relocated events, in other words the horizontal corrections are 1.49 and 1.85 km,

respectively for catalog and cross-correlation methods.
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According to the results of the relocation, both data sets (catalog and cross-
correlation) give a clear indication for the possible fault orientation. By using the cross-
correlation the scattered data rate is decreased significantly. The cross-correlation in this
cluster gives a better solution relatively to the case of the first cluster. The increase in
performance for this cluster stems from the station coverage, the features of the data set,
such as the distance between the events being lower and the stations being closer. As a

conclusion, HYPODD results show a clear single offshore fault in the EW direction.

The depth sections of the HYPO71 and the HYPODD (catalog and correlation) are
illustrated in the Figure 5.7 and Figure 5.8. Once again as in Cluster 1, the most striking
effect of applying HYPODD is to shift down all hypocenters which, in HYPO71case, were
located at the surface. This is true for the catalog method and even clearer in the
correlation approach. Most of the earthquakes at this cluster are localized the upper 15 km.
Both methods affect the depth of earthquakes locations and one of the most striking thing
is the seismic activity above and below 20 km depth seems to correspond to two separate
structure. Overall the cross-correlation is more effective on the data, and a well defined

fault structure is verified.

The case of MAXSEP = 5 is illustrated in Figures 9-11, in a similar fashing to the
previous one. We observe that restricting the event distances to 5 km reduces the number
pairs to be inverted. The MAXSEP value limits the distance between two events but in this
case the distance should not be considered as only horizontally. For instance, the second
structure at almost 20 km depth cannot be observed in the case of MAXSEP = 5 because of
the drastic decline in the number of events. However, since a smaller distance also means a
higher similarity between events in a pair, we expect that the initial assumptions related to
doublets are better satisfied in this case. Consequently, the number of earthquakes after the
inversion is drastically reduced but we have a much clear and undispersed geometry for the

seismic activity.
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Figure 5.6. (a) Original Locations of the Earthquakes in Cluster 2 (HYPO71); (b)
The corrections between the original and HYPODD locations (Catalog Data) (MAXSEP =
10); (c) The corrections between the original and HYPODD locations (Cross-Correlation)
(d) Relocated Earthquakes in Cluster 2 (by using Catalog Data); (e) Relocated Earthquakes

in Cluster 2 (by using Cross-Correlation Data).
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Figure 5.7. (a) Original locations of the earthquakes (Cluster 2) and profiles; (b)
Cross sections view in the strike (Az = 95°N) and normal to the strike direction (Az =
185°N) (Original Data); (c) Cross sections view in the strike (Az = 95°N) and normal to the
strike direction (Catalog Data) (Az = 185°N) (MAXSEP = 10).
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Figure 5.8. (a) Original locations of the earthquakes (Cluster 2) and profiles; (b)
Cross sections view in the strike (Az = 95°N) and normal to the strike direction (Az =
185°N) (Original Data); (c) Cross sections view in the strike (Az = 95°N) and normal to

the strike direction (Az = 185°N) (Cross-Correlation Data) (MAXSEP = 10).
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Figure 5.9. (a) Original Locations of the Earthquakes in Cluster 2 (HYPO71); (b)
The corrections between the original and HYPODD locations (Catalog Data) (MAXSEP =
5) The average horizontal correction is 1.32 km; (c) The corrections between the original
and HYPODD locations (Cross-Correlation). The average horizontal correction is 1.13 km;
(d) Relocated Earthquakes in Cluster 2 (by using Catalog Data). The number of relocated
earthquakes are 75% of the data (82 earthquakes) were relocated from MAXSEP = 10; (e)
Relocated Earthquakes (96 earthquakes) in Cluster 2 (by using Cross-Correlation Data).
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Figure 5.10. (a) Original locations of the earthquakes (Cluster 2) and profiles; (b)
Cross sections view in the strike (Az = 95°N) and normal to the strike direction (Az =
185°N) (Original Data); (c) Cross sections view in the strike (Az = 95°N) and normal to the
strike direction (Az = 185°N) (Catalog Data) (MAXSEP = 5).
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Figure 5.11. (a) Original locations of the earthquakes (Cluster 2) and profiles; (b)
Cross sections view in the strike (Az = 95°N) and normal to the strike direction (Az =
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strike direction (Az = 185°N) (Cross-Correlation Data) (MAXSEP = 5).
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5.1.3. Results of HypoDD: Cluster 3

The Cluster 3 is also located at the central part of the Gokova Bay and is closer to the

Oren village (Figure 5.12).
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Figure 5.12. Cluster 3.

One of the most striking things of the Cluster 3 is seismic activity on land near Oren
village (Figure 5.13). These activities have the possibility to be artificial explosions since
there are many quarries on the area. Before relocating all the earthquakes of Cluster 3 we
analyzed the inland seismic activity to test for this issue. The Figure 5.13 contains 44
earthquakes. According to the results of both HYPO71 and HYPODD most of these
earthquakes localize in the first 10 km of the crust (Figure 5.14). We checked the
waveforms and the time of these earthquakes. All of the waveforms have distinct P and S
phases which are seldom observed in quarry blasts (Figure 5.15). The highest seismic
activity occurred in 2006 which also reduces the likelihood of a quarry activity but this
situation cannot be exact evidence (Figure 5.16). Because of this situation we analyzed the
distribution of the event according to the time of the day. The earthquakes did not localize
at a specific time of the day (Figure 5.17) which again reduces the option of explosive
origin. So the preliminary observations show that most of these activities are not quarry

explosions although an exact determination will need more complex studies. We have also
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checked the polarity of first arrivals of some events and both compressive and dilatational
cases were observed. It may be possible that only a certain part of the seismicity on land
corresponds to quarry blast, however their number is expected to be quite low. Therefore

we assumed that all the events recorded on land are natural seismic events.
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Figure 5.13. Seismic activity on land at Cluster 3 (Black triangle represents the

OREN seismic station).
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the strike directions (Az = 170°N) (Original Data); (c) Cross sections view in the strike (Az
= 80°N) and normal to the strike directions (Az = 170°N) (Catalog); (d) Cross sections
view in the strike (Az = 80°N) and normal to the strike directions (Az = 170°N)

(Correlation).



67

ik 363

1 o
R O R T L T T LR T UV ™
E:
= o F 3
|
-
Iy | 4 4 4 i gl 4 4 4 4 4 4
g a
| 4 J 4 J J 4 J 4 4 4 4 J
- 4 J 4 J J 4 J 4 4 4 4 J
P 4 4 4 4 4 4 4 4 4 4 4 4

Figure 5.15. Waveforms of the 08/08/2006 18:45:50 earthquake (The order of the
station OREN, CETI, YER, DAT, BODT, DALT, BLCB). The depth of this earthquake is

1.5 km.

Number of Earthquakes

2006 2007

Year

2008

2009

Figure 5.16. The histogram of the number of earthquakes and their occurrence years.
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Figure 5.17. The histogram of the number of earthquakes and their occurrence times.

At the center of the bay the earthquakes are much closer to each other relatively and
the Cluster 3 is the one located at the eastern part of the central bay. The top map of Figure
5.18 shows the original locations of the events. The black line shows the possible fault
orientation. This cluster has 200 earthquakes and over half of the data were recorded in
2006. The average distance between the events is 2.76 km and the percentages of the

distant earthquakes are relatively low (Chapter 4 in Figure 4.10).

We first observe the results of hypoDD using MAXSEP = 10. The mapviews in the
Figure 5.18 show the horizontal displacements of the earthquakes after relocation by using
catalog (left column, Figure 5.18b, Figure 5.18d) and cross-correlation (right column,
Figure 5.18c, Figure 5.18e) data. By using the catalog and cross-correlation data 160 and
166 of the events were relocated, respectively. The reason of the small change between the
catalog and cross-correlation relocated event number is the small distance between the
events. The event pair occurrence being high in this cluster, the hypoDD (inversion
process) relocate nearly all available data. The correlation results perform better because of
the same reasons as in Cluster 2 and also the relatively close location of the stations to the
activity area. The average distance between the located and the relocated events, which are
created by using catalog and cross-correlation data, is 1.92 and 1.97 km, respectively.
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These displacement values have shown that the catalog and the cross-correlation results are

compatible with each others.

The suggested fault orientation is verified by both the results of the both relocation
approaches (catalog and cross-correlation). We also observe that the data scattering is
decreased when the cross-correlation is used. Therefore the cross-correlation in this cluster
gives a better solution just like for the Cluster 2. This improvement stems from the station
coverage, the features of the data set such as the distance between the events are relatively
low and the stations are relatively closer to this cluster. In particular the positive
contribution of OREN station should be taken into account on the results when processing
both middle clusters (Cluster 2 and Cluster 3).

The depth sections of the HYPO71 and the HYPODD (catalog and correlation) are
illustrated in Figure 5.19 and Figure 5.20. Most of the earthquakes in this cluster are
localized in the upper 15 km. The cross-correlation results have shown that the scatter of
the depths is decreased (10 km). As a result, we can assume that the cross-correlation is
more effective on the data, if the cluster is well covered by the stations and the number of

events is large enough.
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Figure 5.18. (a) Original locations of the earthquakes in Cluster 3 (HYPO71); (b)
The corrections between the original and HYPODD locations (Catalog Data) (MAXSEP =
10); (c) The corrections between the original and HYPODD locations (Cross-Correlation);
(d) Relocated earthquakes in Cluster 3 (by using Catalog Data); (e) Relocated earthquakes

in Cluster 3 (by using Cross-Correlation Data).
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Figure 5.19. (a) Original locations of the earthquakes (Cluster 3) and profile; (b)
Cross sections view in the strike (Az = 80°N) and normal to the strike directions (Az =
170°N) (Original Data); (c) Cross sections view in the strike (Az = 80°N) and normal to the
strike directions (Az = 170°N) (Catalog Data) (MAXSEP = 10).
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Figure 5.20. (a) Original locations of the earthquakes (Cluster 3); (b) Cross sections view
in the strike (Az = 80°N) and normal to the strike direction (Az = 170°N) (Original Data);
(c) Cross sections view in the strike (Az = 80°N) and normal to the strike direction (Az =
170°N) (Cross-Correlation Data) (MAXSEP = 10).
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Figure 5.21. (a) Original Locations of the Earthquakes in Cluster 3 (HYPQO71); (b)
The corrections between the original and HYPODD locations (Catalog Data) (MAXSEP =
5). The average horizontal correction is 1.48 km ; (c) The corrections between the original
and HYPODD locations (Cross-Correlation). The average horizontal correction is 1.07 km;
(d) Relocated Earthquakes in Cluster 3 (by using Catalog Data). Approximately the half of
the events were relocated (104 earthquakes); (e) Relocated Earthquakes (122 earthquakes)
in Cluster 3 (by using Cross-Correlation Data).
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Figure 5.22. (a) Original locations of the earthquakes (Cluster 3) and profiles; (b) Cross

sections view in the strike (Az = 80°N) and normal to the strike direction (Az = 170°N)

(Original Data); (c) Cross sections view in the strike (Az = 80°N) and normal to the strike

direction (Az = 170°N) (Catalog Data). The earthquakes localized the upper 15 km. When

comparing the depth sections, one has to take into account that the number of data is
decreased when MAXSEP = 5.
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Figure 5.23. (a) Original locations of the earthquakes (Cluster 3) and profiles; (b)
Cross sections view in the strike (Az = 80°N) and normal to the strike direction (Az =
170°N) (Original Data); (c) Cross sections view in the strike (Az = 80°N) and normal to the
strike direction (Az = 170°N) (Cross-Correlation Data). Most of the earthquakes localized
the upper 10 km.
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5.1.4. Results of HypoDD: Cluster 4

The last Cluster 4 is located at the eastern part of the Gokova Bay (Figure 5.24). The

event scatter in this cluster is higher than the middle clusters.
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[ ||
27°00' 27°15' 27°30" 27°45' 28°00" 28°15' 28°30' 28°45

Figure 5.24. Cluster 4.

The seismic activity on land at the Cluster 4 is shown Figure 5.24 which contains
133 earthquakes and according to the results of HYPO71 most of the earthquakes localize
in the upper 15 km depth. The results of HYPODD (catalog or cross-correlation data)
illustrate two seismic sections at different depths (Figure 5.25). We checked the waveforms
and the time of these earthquakes. All of the waveforms have distinct P and S phases as
seen in Figure 5.26 and the highest seismic activity occurred in 2009 (Figure 5.27). The
earthquakes did not localize a specific time of the day (Figure 5.28) so the first
observations show that these activities are not quarry explosions although determining
explosions need more complex studies. So we treated all the inland events as natural

events.
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(Correlation).
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Figure 5.28. The histogram of the number of earthquakes and their occurrence years.
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in 20009.

The Figure 5.30a shows the HYPO71 locations of the earthquakes. The black line
illustrates the possible fault orientation (120°N) based on HYPO71 results. This cluster has
276 earthquakes and over half of them were recorded in 2009. This however is not an
aftershock sequence since they do not follow a main event with a higher magnitude.
Instead most the events have similar magnitudes and part of this cluster can be considered
as a swarm activity. The other part is suspected to be artificial explosive sources as will be
more clear with HypoDD analysis. The average distance between the events is 3.17 km
but the percentage of the distant events is not low as compared to the Cluster 2 and 3
(Chapter 4 in Figure 4.10). If the distant event rate is high in a cluster, it will affect the
event pair number therefore the relocated event rate is lower as in the case of Cluster 1. We
observe that most of distant events are eliminated after the application of HYPODD with
MAXSEP = 5.

The mapviews in the Figure 5.30 show the displacements of the earthquakes after the

relocation by using catalog (right column, Figure 5.30b, Figure 5.30d) and cross-
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correlation (left column, Figure 5.30c, Figure 5.30e) data for MAXSEP = 10. The catalog
and cross-correlation cases relocated 161 and 192 events, respectively. The average
distance between the located and the relocated events, which are created by using catalog
and cross-correlation data, is 2.44 and 3.73 km, respectively. The 5.33 shows the same
figures as 5.30, this time for MAXSEP = 5.

The depth sections of the HYPO71 and the HYPODD (catalog and correlation) are
illustrated by the Figure 5.31 and Figure 5.32 for MAXSEP = 10, Figure 5.34 and Figure
5.35 for MAXSEP = 5. After the application of HypoDD the seismicity trends change
significantly. First it becomes clear that most of the shallow seismicity is likely to
correspond to quarry blasts. However the deeper ones are earthquakes. Choosing
MAXSEP = 5 eliminates most this deep seated seismicity and no clear trend is observed.
However when MAXSEP = 10, and the correlation approach is used, a rough figure of a
south dipping fault is observed in the depth sections (Figure 5.32c). The strike direction of
this dipping fault is about 120°N. Note that the surface trace of this inferred fault should be

much to the north of where we observe the cluster from the mapviews.

A final mapview of the relocated seismicity is given in Figure 5.36 for the catalog

data and in Figure 5.37 for the correlation data.
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Figure 5.30. (a) Original locations of the earthquakes in Cluster 4 (HYPO71); (b)
The corrections between the original and HYPODD locations (Catalog Data) (MAXSEP =
10); (c) The corrections between the original and HYPODD locations (Cross-Correlation);
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the strike direction (Az = 210°N) (Catalog Data) (MAXSEP = 10).
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Figure 5.32. (a) Original locations of the earthquakes (Cluster 4) and profiles; (b)

Cross sections view in the strike (Az = 120°N) and normal to the strike direction (Az =
210°N) (Original Data); (c) Cross sections view in the strike (Az = 120°N) and normal to
the strike direction (Az = 210°N) (Cross-Correlation Data) (MAXSEP = 10).
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Figure 5.33. (a) Original Locations of the Earthquakes in Cluster 4 (HYPQO71); (b)
The corrections between the original and HYPODD locations (Catalog Data) (MAXSEP =
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Relocated Earthquakes (197 earthquakes) in Cluster 4 (by using Cross-Correlation Data).
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Figure 5.35. (a) Original locations of the earthquakes (Cluster 4) and profiles; (b)
Cross sections view in the strike (Az = 120°N) and normal to the strike direction (Az =
210°N) (Original Data); (c) Cross sections view in the strike (Az = 120°N) and normal to
the strike direction (Az = 210°N) (Cross-Correlation Data). The earthquakes localized the
upper 10 km which is compatible with the results of cross-correlation and MAXSEP = 10.
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5.2. Joint Inversion of all Clusters

HypoDD can be run on the large data sets if the computer memory is enough for
handling large complex inverse matrices. Our complete data contains the 972 earthquakes
and we could not run hypoDD on all data set. For comparing the results we start to
eliminate the earthquakes starting from the most distant and isolated ones. Finally we have
created a large cluster with 864 earthquakes which was just enough to be handled with the
computer available for the thesis. These events represent nearly our original data set
because the eliminated earthquake number is relatively low and distant, and do not distort

the appearance of fault related events.

The advantage of this approach is the simplification in the application of the method.
There is no step that will require the separation of data into various clusters. Consequently
there is no necessity to find separately the optimal parameters that will be suitable for each
cluster. This is expected to be paid off by a reduction in the performance of the inversion
because the control parameters are globally optimal, but not necessarily the best choices

for each individual clusters.

The original locations of the earthquakes are shown by the Figure 5.38a. The
remaining maps are the results of the catalog (right column, Figure 5.38b, Figure 5.38d)
and cross-correlation (left column, Figure 5.38c, Figure 5.38¢), respectively. By using the
catalog and cross-correlation data 557 and 614 of the events were relocated. The average
distance between the located and the relocated events, which are created by using catalog
and cross-correlation data, is 2.34 and 2.54 km, respectively. The suggested fault
orientation is verified by both the results of the both relocation approaches (catalog and
cross-correlation) and linearity of the fault is more remarkable at the result of the cross-
correlation. We observe that results of the hypoDD are mainly same with the previous
studies only for some clusters (1 and 4) and only for the horizontal appearance. Once again
we observe that the catalog inversion performs better for Cluster 1 where events are
scattered, wherelse correlation is preferable for all the other three clusters. We do not plot
depth sections for this case because there is no single azimuth where we can see the faults

in profile in a strike direction.
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Figure 5.38. (a) Original locations of the earthquakes of all data (HYPO71); (b) The
corrections between the original and HYPODD locations (Catalog Data); (c) The

corrections between the original and HYPODD locations (Cross-Correlation); (d)

Relocated earthquakes (by using Catalog Data); (e) Relocated earthquakes (by using

Cross-Correlation Data).
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5.3. Results of Combinations of Catalog and Cross-Correlation Data

HypoDD can be run separately on both catalog and cross-correlation data sets as
shown in previous sections. There is also the option of combining the data sets and running
the hypoDD relocation jointly for catalog and correlation time differentials. In such
application the inversion can be adjusted to give a relatively more weight to either the
catalog or the correlation data.

This section of the thesis contains the results of both data sets with separated clusters.
In practice most of the time, differential error can be expected to be higher in catalog data
with respect to the correlation data. However, they can be expected to be consistent with
each other, especially for P phases which are clear in the case of close recordings. This is
being verified by the comparision of travel time and correlation differences (Chapter 4 in
Figure 4.13, Figure 4.14) and the weights of phases at the all seismic stations (Chapter 4 in
Figure 4.15, Figure 4.16). So we kept the weights of P phases higher than the S phase
weights, similar to the previous tests. The correlation is reliable mostly for close events, so
we should prefer them in the double difference relocation solutions. Therefore, the cross-
correlation weights are higher only for the close events (<WDCC= 3.0 km) where
waveforms are expected to be more similar. According to our observations limiting the
distance between event pairs at hypoDD phase is not efficient since it eliminates most of
the events. In the previous tests, we did not use low WDCT parameters so that we avoid
reducing the data coverage. However, in this section the WDCT parameters were chosen as
six at all clusters, because our priority time is to understand the main trend of the

seismicity with limited but more consistent data coverage.

In this section we illustrate the results of the joint catalog and cross-correlation
inversion for all clusters in Figure 5.39 and Figure 5.40. Note that the clusters where
processed individually as the fist approach, and once again different control parameters
(such as MAXSEP = 10 for Cluster 1 and MAXSEP = 5 for the rest) were used for each
cluster. Our observations show that the results of the joint catalog/cross-correlation

inversion did not perform as well as expected. We do not have any clear explanation for
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this effect, except that a better choice of inversion parameters may produce improved

results.
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Figure 5.39. The corrections between the original and HYPODD locations (by using

combinations of Catalog and Cross-correlation Data).
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Figure 5.40. Relocated Earthquakes (by using combinations of Catalog and Cross-

correlation Data).
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6. CONCLUSION

The earthquake location is a complex inverse problem and it is basically affected by
the nonlinearity of the inversion, the velocity and measurement errors. Most of the
earthquake location programs locate the earthquakes individually by using the first
readings. By using HYPODD however, an earthquake is located with respect to the other

ones, based on the arrival time differences at each station.

In this study we used four year (April 2006 - December 2009) seismic earthquake
recordings. Only 972 of 1156 earthquakes could be picked by using the PQL and then were
located by using HYPO71. The magnitudes of the earthquakes changes between 1.5 and
4.5.

At first we separated the data into four clusters with respect to the earthquake
distribution. This approach was helpful for understanding the performance of the
HYPODD for various seismicity shapes. We have observed that correlation based
inversion gives a better picture only if the events in the cluster are close to each other. In
the case of a local seismicity where magnitudes are often between 2.0-4.0, the correlation
based relocation performs best if interevents separation is less than 3.0 km. In other cases
where events are scattered and distant more that 3 km on the average, the catalog based
inversion performs better. This is expected since correlation works only when waveforms
show strong similarities, which is only true for short interevent distances. The
improvement in using hypoDD is mostly apparent when depth sections are analyzed and
this is observed in particular when correlation is applied. The other important observation
is that the choice parameters and therefore the final performance entirely depend on the
distribution of the events and stations. When stations are sufficient in number (>4 stations),
and well scattered around the seismic zone at moderate distances (i.e. <60 km), we observe
that the performance is high, and do not critically depends on the control parameters. If the
number of events is low and they are distant, the HypoDD is hardly effective. We can
easily claim that hypoDD is a tool for high number of events, condensed in a small
volume, and observed with relatively high number of stations at close distance. It will not
perform satisfactorily if one of the above quality factors is not satisfied. The parameters
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MAXSEP, MINLNK, MINOBS are very critical parameters because they eventually
decide which events will be selected and will be paired with the other ones. Making a
conservative selection of these parameters will lead to a drastic reduction of the data set.
On the other hand, relaxing these constraints too much will mean an unrealistic

neighboring process and will produce erroneous locations.

Separating the data into clusters or not is a matter which entirely depends on the data.
If data shows isolated clusters with distinct character each, it would be unrealistic to use a
single set of control parameters for all of them, therefore clustering is recommended. On
the other extreme, processing each cluster separately is often more time consuming and

tends to produce isolated patterns.

We expected that the joint inversion using both catalog and correlation data together,
would perform better. However we failed to observe this improvement and presently we
have no explanation for this effect. We note that we may have not done enough tests to
find the most optimal set of control parameters; therefore a more suitable selection may

improve the results.

In term of active fault geometry, it is clear that an offshore fault parallel to the
northern boundary is well confirmed. The fault extends from midway between Oren and
Cokertme to land close to SE of Akyazi, roughly and single EW trajectory between
27°45°W to 28°20°W. There may be segments associated with this fault, but the overall
strike direction is nearly EW. The depth section of this fault is vertical in the central part,
but shows a possible south dipping in the east. At the western end, the fault shows a
sudden change in strike direction and turns south with a new strike direction of roughly
36°N. This fault continues to 36°45°N, to the midway between Cos Islands and Datca
Peninsula. It possibly continues further SW but we have no data to confirm this. This fault
which cuts the Gokova Bay in a transverse way was already mentioned by Ulug et al.
(2005) and Iscan et al. (2012). But all three, the two proposed earlier and the present one
do not exactly have the same location. More investigations are needed to confirm the
existence and the detailed geometry of these faults. The mechanisms are not studied in the
framework of this thesis, although some suggestions were made by earlier works. Finally,

the fault adjacent to the southern shore of the bay which has been mentioned by many
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authors (Kurt, Gortir, etc.) is not confirmed by our studies. It must be pointed out the
active faulting in Gokova Bay is a matter of active debate and more work has to be done in

order to provide a reliable picture of the fault geometry and deformation patterns.
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APPENDIX A

HypoDD results for joint inversion of catalog and correlation data, processing each
cluster separately.
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Figure A.1 (a) Original locations of the earthquakes of Cluster 1 (HYPO71); (b) The
corrections between the original and HYPODD locations (by using Catalog and Cross-
correlation Data). The average correction is 3.38 km; (c) Relocated earthquakes (100

earthquakes) (by using Catalog and Cross-correlation Data) (MAXSEP = 10).
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Figure A.2. (a) Original locations of the earthquakes (Cluster 1) and profiles; (b) Cross
sections view in the strike (Az = 53°N) and normal to the strike direction (Az = 143°N)

(Original Data) (Cluster 1); (c) Cross sections view in the strike (Az = 53°N) and normal to

the strike direction (Az = 143°N) (Catalog and Cross-correlation Data) (MAXSEP = 10).
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Figure A.3. (a) Original Locations of the Earthquakes of Cluster 2 (HYPO71); (b)
The corrections between the original and HYPODD locations (by using Catalog and Cross-
correlation Data). The average correction is 2.15 km; (c) Relocated Earthquakes (113

earthquakes) (by using Catalog and Cross-correlation Data) (MAXSEP = 10).
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Figure A.4. (a) Original locations of the earthquakes (Cluster 2) and profiles; (b)
Cross sections view in the strike (Az = 95°N) and normal to the strike direction (Az =

185°N) (Original Data) (Cluster 2); (c) Cross sections view in the strike (Az = 95°N) and

(MAXSEP = 10).
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Figure A.5. (a) Original Locations of the Earthquakes of Cluster 2 (HYPO71); (b)
The corrections between the original and HYPODD locations (by using Catalog and Cross-
correlation Data) The average distance between the located (by using HYPO71) and
relocated earthquakes is 1.34 ; (c) Relocated Earthquakes (80 earthgaukes) (by using
Catalog and Cross-correlation Data) (MAXSEP =5).
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Figure A.6. (a) Original locations of the earthquakes (Cluster 2) and profiles; (b)

Cross sections view in the strike (Az = 95°N) and normal to the strike direction (Az =

185°N) (Original Data) (Cluster 2); (c) Cross sections view in the strike (Az = 95°N) and

normal to the strike direction (Az = 185°N) (Catalog and Cross-correlation Data)

(MAXSEP = 5).
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Figure A.7. (a) Original Locations of the Earthquakes of Cluster 3 (HYPO71); (b)
The corrections between the original and HYPODD locations (by using Catalog and Cross-
correlation Data). The average correction is 1.90 km; (c) Relocated Earthquakes (167
earthquakes) (by using Catalog and Cross-correlation Data) (MAXSEP = 10).
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Figure A.8. (a) Original locations of the earthquakes (Cluster 3) and profiles; (b) Cross

sections view in the strike (Az = 80°N) and normal to the strike direction (Az = 170°N)
(Original Data) (Cluster 3); (c) Cross sections view in the strike (Az = 80°N) and normal
to the strike direction (Az = 170°N) (Catalog and Cross-correlation Data) (MAXSEP =
10).
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Figure A.10. (a) Original locations of the earthquakes (Cluster 3) and profiles; (b)

Cross sections view in the strike (Az = 80°N) and normal to the strike direction (Az =
170°N) (Original Data) (Cluster 3); (c) Cross sections view in the strike (Az = 80°N) and

normal to the strike direction (Az = 170°N) (Catalog and Cross-correlation Data)

(MAXSEP = 5).
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Figure A.11. (a) Original Locations of the Earthquakes of Cluster 4 (HYPQO71); (b)
The corrections between the original and HYPODD locations (by using Catalog and Cross-
correlation Data) The average distance between located (by using HYPO71) and relocated
earthquakes is 1.44 km; (c) Relocated Earthquakes (177 earthquakes) (by using Catalog
and Cross-correlation Data) (MAXSEP = 10).
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Figure A.12. (a) Original locations of the earthquakes (Cluster 4) and profiles; (b)
Cross sections view in the strike (Az = 120°N) and normal to the strike direction (Az =
210°N) (Original Data) (Cluster 4); (c) Cross sections view in the strike (Az = 120°N) and
normal to the strike direction (Az = 210°N) (Catalog and Cross-correlation Data)
(MAXSEP = 10).
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Figure A.13. (a) Original Locations of the Earthquakes of Cluster 4 (HYPQO71); (b)
The corrections between the original and HYPODD locations (by using Catalog and Cross-
correlation Data) The average distance between located (by using HYPO71) and relocated
earthquakes is 1.43 km ; (c) Relocated Earthquakes (103 earthquakes) (by using Catalog
and Cross-correlation Data) (MAXSEP =5).
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Figure A.14. (a) Original locations of the earthquakes (Cluster 4) and profiles; (b) Cross
sections view in the strike (Az = 120°N) and normal to the strike direction (Original Data)
(Az = 210°N) (Cluster 4); (c) Cross sections view in the strike (Az = 120°N) and normal to

the strike direction (Az = 210°N) (Catalog and Cross-correlation Data) (MAXSEP = 5).





