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ABSTRACT

HIGH RESOLUTION MICROSEISMICITY AND NEARLY -
REPEATING EVENTS IN THE MARMARA SEA

The Main Marmara Fault beneath the Marmara Sea has a prominent seismic gap
that can produce a devastating earthquake and a serious risk for the surroundings. It is
important to scrutinize the seismic activity in region and relate this activity to the
deformation of the fault zone. In this study, a new micro-earthquake database is created for
the Marmara Sea between 2014-2016 using the data mostly from ocean-bottom
seismometers. The detected and located seismicity indicate that Tekirdag Basin hosts a
diffuse activity from ~7 km to about 18 km depth. A high micro-earthquake activity rate
predominates beneath the Central Basin, at depths from 3 km to 15 km. The abundancy of
earthquakes in the area can be attributed to a creeping zone, considering the conformity
with the geodetic observations. On the other hand, Kumburgaz and the western part of
Cimarcik Basins show sparse seismicity at depth ranges of 5-19 km and 3-18 km,
respectively, signing to a locked fault compatible with the geodetic observations. In
addition to micro-seismicity, the repeating events are detected using template matching
method on the continuous waveforms from 2008-2021. The clusters of highly correlated
detected earthquakes, which are closely spaced or partially overlapped, are attributed to the
“near-repeating earthquakes”. The nine nearly-repeating earthquake clusters beneath the
Central Basin are observed at 8-13 km depths, suggesting seismic creep behavior together
with a high seismicity rate. The fault mechanisms of the near-repeater clusters have strike-
slip mechanism consistent with Main Marmara Fault zone. The nearly-repeating events
have two different patterns of repeating intervals, as long-term and short-term type events.
The amount of slip rates from the near-repeater clusters shows varying slip rates but
comparable to geodetic rate. The number of near- repeating events decreased significantly
after the 2018 and no repeating event is observed during 2019 which Mw 5.8 Silivri

earthquake occurred.
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OZET

MARMARA DENIZINDE YUKSEK COZUNURLUKLU
MiKROSISMISITE VE YAKIN-TEKRARLAYAN DEPREMLER

Marmara Denizi’nden gegen Ana Marmara Fayi, yikict bir deprem ve bolge icin
ciddi bir risk olusturabilecek ©nemli bir sismik bosluga sahiptir. Bolgedeki sismik
aktiviteyi arastirmak ve bu aktiviteyi fay zonunun deformasyonu ile iliskilendirmek
onemlidir. Bu c¢alismada, cogunlukla deniz-dibi sismometrelerinden alinan veriler
kullanilarak, 2014-2016 yillar1 arasinda Marmara Denizi i¢in yeni bir mikro-deprem veri
tabant olusturulmustur. Deprem belirleme ve lokasyonu tespitinden elde edilen
depremsellik, Tekirdag Havzasi’nin ~7 km’den yaklasik 18 km’ye kadar bir daginik bir
etkinlige ev sahipligi yaptigin1 gostermektedir. Orta Havza’nin altinda, 3 km ile 15 km
arasinda degisen yiiksek bir mikro deprem etkinligi hakimdir. Bu alandaki depremlerin ¢ok
olmasi, jeodezik gozlemlerle olan uyumlulugu da g6z Oniine alindiginda, akma (creep)
Ozelligi olan bir zonla iliskilendirilebilir. Kumburgaz Havzasi ve Cinarcik Havzasi’nin
batis1 ise sirasiyla, 5-19 km ve 3-18 km derinlik araliklarinda seyrek depremsellik
gostermekte olup, jeodezik gdzlemlerle uyumlu Kilitli bir fay modeline isaret etmektedir.
Mikrosismisiteye ek olarak, 2008-2021 yillar1 arasinda siirekli dalga-formlari tizerinde
sablon-eslestirme yontemi uygulanarak tekrarlayan depremler tespit edilmistir. Yakin
aralikli veya lokasyonlar1 kismen ortlisen, yiksek korelasyon oranina sahip olarak tespit
edilen deprem kiimeleri, yakin-tekrarlayan depremlere atfedilmektedir. Orta Havza’nin
altinda, 8 ila 13 km derinlik araliginda, 9 tane yakin-tekrarlayan deprem kimesi
g6zlenmekte olup, yuksek sismisite orani ile birlikte bu bolge bir sismik krip davranisina
isaret etmektedir.  Yakin-tekrarlayan deprem kiimelerinin fay mekanizmalari, Ana
Marmara Fay zonu ile uyumlu dogrultu atimli mekanizmaya sahiptir. Yakin-tekrarlayan
depremler, uzun vadeli ve kisa vadeli tip depremler olarak, iki farkli tekrarlanma araligi
modeline sahiptir. Yakin-tekralayan deprem kiimelerinin, kayma oranlari, jeodezik hiza
kiyasla diisiik kayma oranlar1 gostermektedir. Yakin-tekrarlayan depremler 2018 yilindan
sonra Onemli Ol¢iide azalmistir ve Mw=5.8 Silivri depreminin meydana geldigi 2019

yilinda tekrarlayan deprem gozlenmemistir.
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1. INTRODUCTION

Over the years, The Marmara Region has witnessed many devastating earthquakes.
The seismotectonic and geodynamic role on this earthquake potential of the region has
been questioned by many studies (Mihailovich, 1927; Ambraseys and Jackson, 2000;
Ambraseys, 2002). Although the surveys address some questions, the evidence is still not
enough to solve the mysteries of this unique and special fault structure and earthquake
behavior of the region. However, it is certain that The North Anatolian fault (NAF) plays a
significant role on the deformation and led to destructive earthquakes along the Main
Marmara Fault zone throughout the years. The earthquakes along the NAF have been
migrating since 1939 Erzincan earthquake from east to west. The last of the migrated
events in the west of the NAF is the 1999 Izmit earthquake. Together with the 1999 Bolu-
Dizce Earthquake, there has been a surface break of about 160 km in the region. In 1912,
Ganos-Murefte Earthquake M=7.4 occurred in the west and it broke a segment
approximately 80 km long (Armijo et al., 2005). The North Anatolian fault continues under
the Main Marmara fault (MMF) with about a 160 km unruptured segment, which is also
defined as a seismic gap (Armijo et al., 2005, Parsons et al., 2000). Also, a Poisson
probability of Istanbul hit by a M> 7.3 event at Istanbul in 30 years has been estimated as
%35. This value shows an increment to %35 regarding transfer of stress and time
dependency (Murru et al., 2016). Considering the recurrence interval of the historical large
earthquakes about 250-400 years for the area, including creeping zone, from paleoseismic
data combined with the geodetic data reveals that the region has a potential to produce a
large event about Mw=7.4 —7.5 with a moment rate deficit Md= 6.4x10%" (Meghraoui et
al., 2021). This seismic gap in the Marmara Sea threatens the lives living in the metropol
Istanbul and its surrounding (Parsons et al., 2000; Hubert and Ferrari et al., 2000; Ozel et
al., 2011; Parsons, 2004; Hancilar, 2012); therefore, faults segments in silence are critical

issues that should be understood in terms of the seismological action.

Defining the behavior of this fault segment called as a “seismic gap” in terms of its
strain accumulation is crucial to evaluate the seismic hazard assessment of the region. The

question of which fault segments are creeping and locked segments is waiting an answer to



make an interpretation for the possible location of the next forthcoming devastating
earthquake in the region (Schmittbuhl et al., 2015; Ergintav et al., 2014).

One method to figure out this behavior can be the observations based on the geodetic
measurements on the area. Recent land GPS data pointed out that the fault segments have a
variable locking behavior on the central part of MMF (Ergintav et al., 2014; Klein et al.,
2017). According to Ergintav et al. (2014), Central, Kumburgaz and Tekirdag Basins do
not exhibit a coupling behavior. On the other hand, Prince Island fault segment may have

accumulated strain.

The studies on micro-seismicity can also provide us a comprehend knowledge about
the coupling behavior of the fault over large area, which necessities reliable earthquake
location procedures (Yamamoto et al., 2019). Especially, the observations from the Sea of
Marmara is vital for a realistic seismotectonic interpretation. Generally, the high seismicity
is associated to the seismogenic zone and viewed as the sign of the creeping areas resulted
from the heterogeneities that is also called as “asperities” on the fault zone (Yamamoto et
al., 2015; Schmittbuhl et al., 2015; Schmittbuhl et al., 2016). Recently, the study of
microseismicity of the region implemented by Schmittbuhl et al. (2015), the micro-
earthquake activity of the region between 2007-2015 was investigated in order to indicate
the behavior of the fault segments of the MMF, and the study reported that Tekirdag and
Central Basins are creeping zones indicating high seismicity rate distributed from surface
to 17 km, while the Kumburgaz and Cinarcik Basins are locked segments. The micro-
earthquake observations demonstrate that the seismicity is very sparse in the Cinarcik
Basin area, and the depth range is between 8 and 14 km except at both ends of this basin.
The study reported that the lower limit of seismogenic zone along the MMF is about 16 km
depth and the Cinarcik segment has been defined to be locked to 10 km (Schmithbuhl et
al., 2015; Karabulut et al., 2020). Yamamoto et al. (2017) and (2019) have also found
plentiful micro-earthquakes in the Western High, Central Basin and scarce seismicity in
Kumburgaz and Cinarcik segments by using the ocean bottom seismometers deployed in

the Marmara Sea.



Recent studies carried out in order to characterize the creeping zones in Marmara
segment of the NAF agrees with each other in existence of creep in the Central part of the
fault. Sakic et al. (2016) demonstrated a surface locking in the Central High and a creep
rate smaller than 0.6 cm/yr in 6 months. That work strengthened the idea that Western
High has a deep creep component while the Central Basin shows a shallow creeping patch
along the Main Marmara Fault. Yamamoto et al. (2019) reported a surface creep of 1.1
cm/yr in the Western High using sea bottom acoustic range at two points along the
Marmara Segment and that the fault is locked partially in the 0-8 km, full locked in the 8-
11 km depth range, and completely decoupled below 11 km depth. Recently, 3-D elastic
model carried out by Yilmaz et al. (2022) for understanding of the interseismic behavior
showed that the locking depth for the Carcik Basin is 5 km. Also, Ganos and Izmit
segments seem to be locked down to 7.5 km. The results obtained from these studies for
the creeping areas are also almost consistent with the high seismicity and reported
repeating events.

Although the studies based on the GPS measurements (Ergintav et al., 2014) and
extensometer observations at one point in long term (Yamamoto et al., 2019) can provide
reliable results, they are insufficient to confirm the situation of creep in the area; and they
need to be supported by the studies related to the search of the repeating earthquakes
(Schmittbuhl et al., 2016). Besides these geodetic observations, detection of the repeating
earthquakes which are identical in magnitudes, locations and waveform shapes, is a useful
indicator for the definition of the distribution of aseismically slipping(creeping) areas to a
wide extent along the fault beneath the Marmara Sea since the locations of geodetic
observations made by Sakic et al. (2016) and Yamamoto et al. (2019) are confined with

two points on the fault zones (Uchida et al., 2019).

The repeating earthquakes, which are good indicators for the slow fault slip on a fault
plane, can be investigated to indicate the creeping behavior on a fault zone (Kato et al.,
2012; Bouchon et al., 2011, Uchida et al., 2019). The observations of the repeating events
will also give a unique chance to estimate the slip on a fault zone (Uchida et al., 2019).
However, the search of the repeaters in a region is not a straightforward process, and it
necessitates a meticulous work of process of a mass of seismic data. Hence, a robust

analysis of detection of the waveform similarity and an accurate assessment of the



seismological properties, such as locations, magnitudes and the characteristic behavior like
recurrence intervals, for these events are of great importance to acknowledge them as
repeaters (Nadeau et al., 1994; Uchida et al., 2005, Schmittbuhl et al., 2016, Uchida et al.,
2019).

As the researchers investigate the repeating events, special features of these events
are also indicated. The repeating earthquakes, having different magnitudes that are very
close to each other with highly correlated waveforms are called as “near-repeating events”
by Shaddox et al. (2021). These events are also marks of aseismic slip in a region and can

be utilized for the estimation of slip.

Recently, studies carried out in the Marmara Sea region showed the presence of the
repeating events especially in the Central Basin (Uchida et al., 2019, Schmittbuhl et
al.,2016, Bonnhoff et al., 2017) which agrees with the results demonstrating that the area is
creeping that were reported by the studies based on GPS measurements such as (Ergintav
etal., 2014).

This thesis aims at defining the microseismic activity of the Marmara Region and
assessing the seismic hazard of the region by investigating the repeating earthquakes to
indicate the creeping and the locked zones along the western part of the NAFZ. In the
scope of this thesis, the microseismic earthquakes of the Marmara Region are focused and
the seismograms from the OBS stations deployed in the Marmara Sea region are analyzed.

The process of this study is started by obtaining the OBS data recorded in the
Marmara Sea and followed by different earthquake detection techniques used for both
microseismicity and the search for repeating earthquakes. In the scope of this thesis, first
the relocation process for the earthquakes is performed for the period between September
2014 and July 2015 in the catalog reported by Yamamoto et al. (2017). STA/LTA method
is used for identification of earthquakes of the data obtained for the time period of July,
2015 and April, 2016. P and S phases are picked manually using Zsac software and
relocated by HYPOCENTER code (Lienert et al., 1986; Lienert and Havskov, 1995).
Using the velocity models of Becel et al. (2010) and Bayrakei et al. (2013) for the shallow

sections and Karabulut et al. (2011) for the deeper section, a new initial model has been



produced. A 1-D velocity model is estimated using VELEST code (Kissling, 1994)
inversion code. The deviations from 1-D velocity model are accounted in the station

corrections.

Analyses of the microseismicity of the region gives a general picture of the behavior
of the fault segments beneath the Marmara Sea. The approach of the thesis to analyze the
repeaters of the region is the search the template events within the continuous seismograms
using template matching method. For this purpose, the template events recorded at SLVM
station used in the study of Schmittbuhl et al. (2016) were used for the repeater search
from 2008-2018 at SLVM station. The search of the repeating earthquakes was also
extended to 2021 at SLVT station. Then, the properties of the repeating events have been

scrutinized, such as their locations, fault mechanisms and recurrence time intervals.

The thesis is formed by 7 chapters. After presenting the introduction part, Chapter 2
concentrates on the seismotectonic structure and historical earthquake background for the

Marmara Region.

Chapter 3 shows the analyses for the microseismicity in the Marmara Sea region.
The chapter includes the processes of the STA/LTA detection and location of the detected

events.

Chapter 4 synthesizes the repeating earthquakes in theory and the difficulties that are
faced with in practical by presenting the studies on this subject. The definition and the
physical model behind the repeating earthquakes are also presented. The nearly repeating

events are also described in this chapter.

Chapter 5 describes the process of the search for the repeater using template
matching method. Also, this chapter focuses on the characterization for the repeaters by
estimating locations and the fault mechanisms and the using OBS data. The recurrence
intervals of the near-repeating events were also viewed. The spectral analyses and the fault

slip estimations for the repeaters are also indicated in this chapter.

Chapter 6 and Chapter 7 include “Discussion” and “Conclusion” parts, respectively.



2. SEISMOTECTONIC STRUCTURE AND HISTORICAL
EARTHQUAKES IN THE MARMARA REGION

2.1. Tectonic Setting of the Marmara Region

The Anatolian Plate is a seismically active area, which leads to devastating
earthquakes throughout the history. Undoubtedly, it is inevitable to describe this activeness
as the cause of the collision between the Arabian Plate in the south and Eurasian Plate in
the north, which leads Anatolian Plate to move westward. In addition to this, African plate
subducts northward beneath western Turkey and the Aegean region (Figure 2.1). These
movements are controlled mostly by The North Anatolian Fault Zone (NAFZ) which is a
right-lateral strike-slip fault, running from East to West of the country, about 1200
kilometers (McClusky et al., 2000) with a westward motion of 20-25 mm/yr (Figure 2.2)
(Reilinger et al., 2006; Meade et al., 2002).

Latitude [N]

Longitude [E]

Figure 2.1. Tectonic motions around the Anatolian Plate. KTJ denotes Karliova Triple
Junction. The borders of the tectonic structures were indicated by the dashed lines. The
lines including triangles depict the thrust faults. Main structures were taken from the
McClusky et al. (2000). (Aktug et al. 2009).
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Figure 2.2. The GPS velocities with respect to Eurasia indicated by Reilinger et al. (2006).

The NAF system was responsible for many destructive earthquakes in the past,
which caused the seismic activity to propagate westward by a sequence of earthquakes
since 1939 as suggested by Barka (1996); AkyUz et al. (2002); Hubert-Ferrari et al. (2000);
Parsons et al. (2000); Stein et al. (1997); Toks6z et al. (1979); Reilinger et al. (2000).
Undoubtedly, The Marmara Region is one of the most affected areas by these events
(Ambraseys and Jackson, 2000) since NAF divides into two branches in the north and

south in the Sea of Marmara starting from Gulf of I1zmit.

1912, Sarkdy-Murefte event, occurred on the Ganos Fault Zone, was one of the
largest earthquakes in the western Marmara Sea and it was reported that it caused tsunami
(Mihailovich, 1927; Ambraseys and Finkel, 1987, 1991). Its magnitude was assigned as
Ms=7.3 using macroseismic data by Ambraseys (1988). Recently, this earthquake has been
investigated using modern seismological methods applying on analog records by Basarir
(2011). The study found the magnitude Mw=7.13, radius of the source zone R=41.6 km
and stress drop Ac=26.09 bar. Aksoy et al. (2010) indicated that the 1912 Earthquake has



strike-slip fault mechanism using the P wave first motion polarities of some analog
records. The length of rupture of this event and at which point it terminated in the east is a
critical question. The fault rupture calculated for this event was reported as approximately
80 km by Basarir (2011) and 100 km by Armijo et al. (2005). On the other hand, Parsons
(2004) suggested that the rupture terminated at the Tekirdag Basin based on the

macroseismic observations.

Another significant earthquake was the 1999 Izmit Earthquake, one of the most
devastating events occurred on the eastern part of the area because of the earthquake
migration of NAFZ (Reilinger et al., 2000, 2002; Gurbuz et al., 2000) and it was followed
by the 1999 Bolu-Diizce event. The fault break of the 1999 Izmit earthquake was given as
120 km with observed surface offsets ranged from 1.5 to 5 m by Barka (1999) and 145 km
based on the morphological analyses by Ucgarkus et al. (2011). Although the western
termination of the rupture of the 1999 earthquake is debatable, it may have reached to
Cmarcik Basin (Cakir et al., 2003). The two devastating earthquakes together have led to
surface breaks approximately 160 km (Armijo et al., 2005). Also, looking for the historical
records (Ambraseys, 2009; Basarir Bastiirk et al., 2017), 1766 earthquake is indicated to be
the last devastating earthquake occurred on the western part of NAF (Parsons, 2000),
which resulted in creation of a seismic gap with about 150 km long segment (Le Pichon et
al. 2001; Oglesby et al 2008; Schmittbuhl et al., 2015; Armijo et al., 2002).

In near history, the location of the 1963 earthquake is also significant since the
rupture of this event and the termination of the 1999 earthquake rupture in the west remain
debatable. The faulting mechanisms of the 1963 earthquake showed the normal faulting
that located close to the Princes Island Fault (PIF) by Basarir Bastiirk et al. (2016a),
implying that the Cinarcik Basin has normal components of compressional and strike-slip
motions together with the confirming studies such as Taymaz et al. (1991), Korkusuz
Oztiirk et al. (2015). Looking for the locations and faulting mechanisms of the 1935
Marmara Island earthquakes, occurred at 14:41 and 16:20 at the same day, demonstrating
the normal faults at 4 km and 10 km, respectively (Basarir Bastiirk et al., 2016a). The
locations of these events which are on the north and south of the Marmara Island are
backed up by the presence of the faults displayed by Hergert et al. (2011). In addition, the
normal faulting mechanisms of the earthquakes that may form the deep basins in the area



coincides with the pull-apart model suggested by Armijo et al. (2005). As stated in Taymaz
et al. (1991), the normal faults in the area may be responsible for the uplift of the Marmara

and Princes Island.

There are basically two remarkable fault models proposed for the Main Marmara
Fault based on bathymetry and seismic reflection studies. One of them is the single strike-
slip model which has been proposed by Le Pichon et al. (2001, 2003) and the other one is
the pull apart model, which is thought to be a graben consisting of right-lateral faults
showing normal movements (Barka and Kadinsky-Cade, 1988), suggested by Armijo et al.
(2002, 2005). These two models agree with each other in terms of the location of the MMF
although they suggest different fault models. Yet, it is needed to achieve more research in
the Marmara Sea to indicate its complex fault network and geometry, especially using

multichannel seismic surveys (Yamamoto et al., 2020).

In literature, The Main Marmara Fault is defined by four basins which can be
considered as the fault segments in the region. These are Cinarcik Basin, Kumburgaz
Basin, Central Basin and Tekirdag Basin (Figure 2.3). Firstly, it has been suggested the
Marmara Sea Basin seems as a graben or consists of right-lateral faults indicating an
overall normal motion (Barka and Kadinsky-Cade, 1988). The Sea of Marmara is marine
basin, consisting of shallow shelf to the south, about 230 km long and 70 km wide. The
active faults located on the land is comparatively understood. However, the faults lying in
the basins in the sea is not well understood (Ambraseys, 2002). In the west, Tekirdag Basin
and in the east, Cinarcik Basin show high local seismicity from the depth and steep
bathymetric gradients (Smith et al., 1995; Wong et al., 1995; Parke et al., 2000; Okay et
al., 2000).
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Figure 2.3. Bathymetry and active faults in the Marmara Sea (Filikgi et al., 2017).

To understand the behavior of the fault segments, one commonly used criterion is
whether they are creeping or locked. Definition of these segments in terms of their
creeping or locked situation and how much strain they accumulate are important to assess
the seismic hazard in the region (Schmittbuhl et al., 2015 ,2016; Klein et al., 2017, Sakic et
al., 2016; Ergintav et al., 2014). In the study of Ergintav et al. (2014), the slip deficit
estimations on the fault segments of MMF based on GPS measurements indicated that
Central Basin is suggested as the creeping segment with a slip deficit smaller than 2 m,
which means that it shows a slow and a constant slip. On the other hand, the Cinarcik
Basin has a slip deficit rate of 10-15 mm/yr and a slip deficit about 2.5 m-3.7 m (Figure
2.4), which means that the fault does not slip since the 1766 earthquake and accumulates

strain which will be released during a large earthquake (Ergintav et al., 2014).
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Figure 2.4. The estimated slip rate deficits and the total deficits accumulated since the last

major earthquakes (Ergintav et al., 2014).

Also, the presence of the sediment layer beneath the Marmara Sea has been depicted
by Becel et al. (2010) to 7 km using the of reflection and refraction gathered during the
SEISMARMARA. Although the geodetic observations provide good results to
comprehend the locking state of the fault segment, it is limited to monitor the behavior of
the fault segments since the MMF is beneath Marmara Sea (Schmittbuhl et al., 2015; Klein
et al., 2017; Yamamoto et al., 2019; Yamamoto et al., 2020).

2.2. Historical Earthquake Background of the Marmara Region

To assess the seismotectonic of the Marmara Region, it is essential to research the
earthquakes occurred on the North Anatolian Fault Zone, in both historical and
instrumental period. Particularly, the historical earthquakes, prior the instrumental era,
necessitates a meticulous work since the documents regarding the historical earthquakes
are limited. There are limited catalogues concerning the historical earthquakes occurred in
Anatolia and surrounding regions such as Ambraseys and Jackson (1998); Tan et al.
(2008); Ambraseys (2009); Soysal et al. (1981); Gugll et al. (1986); Pinar and Lahn
(1952); Ergin et al. (1967, 1971) (Basarir Bastiirk et al., 2017).
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Recently, Basarir Bastiirk et al. (2017) reported 576 earthquakes for Marmara Region
between the dates of 2000 B.C. and 1900 A.D., compiling over 20 historical sources
including Ambraseys (2009), Soysal et al. (1981), Guidoboni et al. (1994), Altinok et al.
(2011), Ambraseys (1989), Ambraseys (2002), Ambraseys and Finkel (1995), Ambraseys
and Jackson (1998, 2000), Berberian and Arshadi (1976), Ergin et al. (1967, 1971),
Guidoboni and Comastri (2005), Papazachos et al. (1997, 2003), Shebalin et al. (1974),
Sbeinati et al. (2005), Shebalin and Tatevossian (1997), Soysal et al. (1981), Suleiman et
al. (2004), Stucchi et al. (2013). The map given in Figure 2.5 shows the devastating
historical earthquakes with intensity IX-XI (Ms > 7.0) that occurred in the Marmara
Region from 2000 B.C. to 1900 A.D.
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Figure 2.5. Important historical earthquakes with intensity IX-XI (Ms> 7.0) that occurred
in the Marmara Region (Basarir Bastiirk et al., 2016b).

One of the most devastating historical earthquakes is the 1509 Earthquake which has
been occurred in the northeast in the Marmara Sea. It was felt in a very large area, from
Bolu to Edirne. The earthquake destroyed over 1000 houses, killing 4000-5000 people and
injured 10.000 people. Another important event is the 1766 Earthquake. The location of
this event has been reported in the Sea of Marmara and the damage was severe as it
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extended from Izmit to Tekirdag. Although location of the 1766 earthquake is unclear, it
seems to be the most recent M>7 earthquake occurred in the east of the Marmara Segment
beneath the Marmara Sea (Ambraseys, 2009; Parsons et al., 2004; Pondard et al., 2007,
Basarir Bastiirk et al., 2017). The 1894 earthquake, on the other hand, seems to be related
to the faults in the Gulf of Izmit on the NAFZ (Ambraseys, 2001; 2009). Also, the 1719
earthquake led to damage in Yalova, Pazarkoy, Karamiirsel, Kazikli and Izmit and the
villages around the Izmit Gulf extending from Sapanca to Diizce. It has been told that more
than 6000 people have died as a result of this earthquake. The earthquake caused damage
in 40 mosque and 17 tower. Also, there has been damage in the houses and city walls in
Istanbul. It has been reported that the damage extended to the Thrace (Ambraseys, 2009;
Basarir Bastiirk et al., 2017). Looking for the macroseismic information, the damage
caused by 1999 Izmit Earthquake seems to be likeness to the damage reported for the 17109.
Moreover, two earthquakes occurred in 1766 and 1754 earthquake have been reported to
be possibly resulted from fault ruptures closer to Istanbul (Basarir, 2011; Ambraseys and
Jackson, 2000; Ambraseys, 2002). Thus, the fault segments beneath the Marmara Sea
have a silence in terms of producing a large event (M>7), which increases the possibility of
the forthcoming event to occur in the eastern segment since it did not rupture for more than
250 years (Ergintav et al., 2014; Yamamoto et al., 2020).



3. ANALYSIS AND PROCESS OF THE MICROSEISMICITY OF
THE MARMARA SEA

In this study, the first target has been to create a database of the micro-earthquakes in
the study area. As a first stage, the micro-earthquake catalogue of Yamamoto et al. (2017)
has been used for the time period between 26.09.2014 — 25.07.2015. In addition to stations
used by Yamamoto et al. (2017), six OBS from IFREMER, four OBS stations from GFZ in
the frame of the MARSITE Project and two land stations (SLVM, MARM) are added to
the database.  This resulted in more precise hypocenters determination of the
microseismicity of under the eastern part of the Central Basin to the Kumburgaz Basin. For
the time period between July 2015 and April 2016, we used STA/LTA for the detection of
events. After applying STA/LTA detection on the seismic data, the event database has
been created and the location process has been performed. After all, this analysis enabled
to reach the micro-earthquake catalogue, which is one of the main goals of this thesis. Step

by step progress of working process is summarized in Figure 3.1.

DATA

Continous seismic data from ocean-bottom seismometers deployed in the Marmara Sea

A 4

Earthquake Detection Methods

STA/LTA EQ Detection Method for microseismicity to catch the earthquakes in
continuous data.

Earthquake Location

The creation of the database of micro-earthquakes

Figure 3.1. Flow diagram showing the processes followed step by step from obtaining data

to acquiring microseismicity database
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3.1. Data

In the scope of this study, the continuous data recorded at ocean bottom
seismometers have been obtained to determine microseismic activity near the fault zone of
the Marmara Sea. A total of 21 OBS stations are operated between 04.02.2014 and
05.12.2016 in the Marmara Sea (Figure 3.2). The OBS stations contain 4 component high
frequency geophones (4Hz), 2 horizontal, one vertical, one pressure sensors. The data were
sampled and recorded with 100 sps. 15 of these stations were deployed within the
MARDIM Project (Yamamoto et al., 2017). The average spacing of about 10 km, enables
to catch the small events as possible. The time calibration of the stations has been
performed with the clock accuracy better than 0.05 s through the OBS clock with Global
Navigation Satellite System (Yamamoto et al., 2017). In addition, 6 OBS stations were
included, that were deployed by Ifremer between 19.09.2014 — 14.11.2014 and 5 stations
by GFZ between 25.04.2015 — 13.04.2016 in the frame of MARSITE Project. Two land-
based stations nearest to the OBS deployments are also included (SLVM, MARM) to this
database. Figure 3.2 shows the locations and operation periods of the stations displayed in
Table 3.1.
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Figure 3.2. The locations of the OBS and land stations. The purple triangles indicate the
first 15 OBS stations deployed in the scope of MARDIM project. The black solid triangles
denote the OBS stations added later. The red triangles (SLVM, SLVT) show the land

stations, also used for the detection of the nearly repeating events.



Table 3.1. The recording time period of the OBS and land stations

Station
Code

Start

End

Start

End

MSO01A

26.09.2014

20.07.2015

01.01.2016

25.07.2016

MSO02A

26.09.2014

20.07.2015

25.07.2015

20.06.2016

MSO3A

26.09.2014

20.07.2015

25.07.2015

20.06.2016

MSO04A

26.09.2014

20.07.2015

25.07.2015

20.06.2016

MSO5A

26.09.2014

20.07.2015

25.07.2015

20.06.2016

MSO06A

26.09.2014

20.07.2015

25.07.2015

21.06.2016

MSO7A

26.09.2014

20.07.2015

25.07.2015

21.06.2016

MSO08A

26.09.2014

20.07.2015

25.07.2015

21.06.2016

MSO09A

26.09.2014

20.07.2015

25.07.2015

20.06.2016

MS10A

26.09.2014

20.07.2015

25.07.2015

20.06.2016

MS11A

17.03.2015

20.07.2015

25.07.2015

20.06.2016

MS12A

18.03.2015

20.07.2015

25.07.2015

20.06.2016

MS13A

18.03.2015

22.07.2015

25.07.2015

20.06.2016

MS14A

18.03.2015

21.07.2015

25.07.2015

21.06.2016

MS15A

18.03.2015

21.07.2015

01.01.2016

25.07.2016

OBO1

19.09.2014

14.11.2014

19.09.2014

14.11.2014

0OB02

19.09.2014

14.11.2014

19.09.2014

14.11.2014

0OB03

19.09.2014

14.11.2014

19.09.2014

14.11.2014

OoB04

19.09.2014

14.11.2014

19.09.2014

14.11.2014

OBO05

19.09.2014

14.11.2014

19.09.2014

14.11.2014

OB06

19.09.2014

14.11.2014

19.09.2014

14.11.2014

OBN1

25.04.2015

13.04.2016

25.04.2015

13.04.2016

OBN2

25.04.2015

13.04.2016

25.04.2015

13.04.2016

OBN3

25.04.2015

13.04.2016

25.04.2015

13.04.2016
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OBN4

25.04.2015

13.04.2016

25.04.2015

13.04.2016

OBN5

25.04.2015

13.04.2016

25.04.2015

13.04.2016

MADM

27.09.2014

24.09.2015

27.09.2014

24.09.2016

SLVM

27.09.2014

27.09.2016

27.09.2014

27.09.2016

SLVT

27.09.2014

14.08.2015

27.09.2014

14.08.2015

3.2. Earthquake Detection and Waveform Database
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Identification of the seismic events with high signal-to-noise ratio can be
successfully carried out using STA/LTA detection method (Yoon et al., 2015). Also, the

usage of this method has an advantage of detecting earthquakes without a prior knowledge

of the event waveform, which enables a general applicability (Perol et al., 2018; Yoon et
al., 2015). The STA/LTA method relies basically on detection of an earthquake which has

been recorded continuously by multiple stations, seeking for signals that exceeds the

threshold for the ratio of short-term average in a short time window to long-term average

in a longer time window, as the windows move in the continuous data (Figure 3.3).
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Figure 3.3. The parameters and the application of STA/LTA to data (Han et al., 2009).

In this method, when P wave arrives at the station, the difference occurred in the
amplitude and frequency of the signal is defined as a characteristic function. When two
consecutive windows, the STA and LTA, move in the continuous seismograms, the ratio of
the average absolute amplitude value is estimated. The LTA (Long Term Average)
expresses the change of the seismic noise depending on time. The STA (Short Term
Average) related to the seismological events (Oztiirk and Orgiilii, 2018).

3.2.1 Application of STA/LTA Method on Continuous Seismic Data

The STA/LTA method was applied for the detection of seismic events on the
continuously recorded seismogram data obtained from OBS stations. A ratio of 2 is used
for the LTA/STA and 10 sec delay is applied for the next detection. The detection is
applied to horizontal components of the OBS stations with the highest S/N and several
stations individually searched for the events. The detected events from several stations are
manually revised and an event catalog is formed. Figure 3.4 shows the waveforms of a

detected earthquake.
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Figure 3.4. A SAC plot from the detected earthquake (2016-02-19 17:47:59) at MS02,
MSO07, MSO08 station.

At this stage, one important criterion to include the seismic waveforms as a candidate
event is to catch them at least by 4 stations. Using this method, a total of 1419 events are
considered as candidate events and created a seismic waveform database using 21 OBS
stations and 2 land stations (SLVT, MRMT).

3.3. The Velocity Model and Earthquake Location

The waveform database has been obtained by merging the events from the catalogue
of Yamamoto et al. (2017) and detected earthquakes by this study between September
2014 and July 2016. Manual picking of P and S phases for the events has been carried out
using Zsac program for both catalog events and detected events in the scope of this thesis.

The example of the window from zSac software is shown in Figure 3.5.
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Figure 3.5. Example window of earthquake location using Zsac program. The event with
origin time 20141008-1300 and magnitude ML=0.8.

In total, 1454 earthquakes have been relocated using HYPOCENTER (Lienert et al.,
1986; Lienert and Havskov, 1995). The initial velocity model of Karabulut et al. (2011)
was used to locate earthquakes. The initial RMS error of 1454 events was 0.330 sec. A
new crustal model was obtained to improve the location of the events recorded by only
OBS stations. The reference of the velocity model of Karabulut et al. (2011) was the land
seismic stations, therefore not appropriate for the OBS stations located on the top of the
deep Marmara basins. The new initial velocity model is created based on refraction and
tomographic models of Becel et al. (2010) and Bayrakci et al. (2013) for the shallow part
(<5 km) and Karabulut et al. (2011) for the deeper part. A 1-D velocity model is computed
from the sub-catalog using VELEST (Kissling, 1994) inversion code. A sub-catalog 200
events are selected from the initial catalog with at least 10 phase readings and less than 150

degrees of azimuthal coverage for the inversion.

The layer velocities of the initial 1-D earth model are randomly perturbed and 100
new initial models are created as input for VELEST (Figure 3.6a). The results of the 100
inversion runs are displayed in Figure 3.6b. The deviations from 1-D velocity model are
accounted in the station corrections (Figure 3.7) which improved the performance of the

velocity model.
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Reference station is located at the north-east of Central Basin with the smallest
station corrections, as also demonstrated in Figure 3.7. The station corrections are larger at
the stations located in the deep basins. The layer velocities converge similar values
between 5 and 20km depths but show deviations for shallower (<5km) and deeper layers
(>20km). For shallow layers, this is due to subvertically travelling waves and lack of rays

for the deeper layers as a result of small epicentral distances.

After the relocation using the new velocity model and station corrections, the mean
RMS of the initial catalog is reduced from 0.330 s to 0.105 sec. The local magnitudes are

computed from the horizontal components of waveforms.
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Figure 3.6. 1-D Initial velocity models for P and S waves (left), Final P(red) and S (green)

velocity models (right) after inversion.
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Figure 3.7. Station corrections obtained from inversion for P (red) and S (green) waves.

Table 3.2. The 1-D velocity model obtained in this study using VELEST inversion code
(Kissling, 1994).

Vp(km/s) | Depth(km) | Vs(Km/s)
2.50 0.0 1.29
2.50 0.5 1.29
2.50 1.0 1.41
3.52 3.0 1.77
4.64 4.0 2.50
5.02 5.0 2.67
5.05 6.0 3.01
5.58 8.0 3.19
5.71 10.0 3.31
5.93 15.0 3.42
6.31 20.0 3.63
6.73 25.0 3.87
7.95 30.0 4.57
8.00 35.0 4.60

Figure 3.8 shows the statistics of the final catalog. The magnitude completeness of
the catalog is observed as ~1.0. The mean horizontal location uncertainty is ~1.0 km and
0.5 km for latitude and longitude, respectively. The mean of the depth uncertainty is ~1.5
km, varying between 0.5 and 6 km.
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Figure 3.8. Statistics for the location accuracy of the seismicity catalog between

26.09.2014 and 31.12.2016. a) Latitude uncertainty b) Longitude uncertainty c) Depth

uncertainty d) Magnitude-frequency distribution of the catalog and the b-value.
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Figure 3.9. Error ellipses of the earthquakes computed from horizontal location

uncertainties.

Figure 3.9 shows the error ellipses for the locations of micro-earthquakes estimated

in this study. The uncertainties are large at both ends, in Tekirdag Basin and Cinarcik

Basin as the azimuthal gaps increase.
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3.4. Spatial Distribution of Microseismic Activity

Adding new OBS and land stations in addition to stations used by Yamamoto et al.
(2017) improved locations. The performance of 1-D velocity model also contributed to the
accuracy of the locations. Figure 3.10 shows the seismicity in map view and E-W vertical
cross section. The depth sections along 7 N-S profiles are shown in Figure 3.11. Below, the
locations of the micro events can be interpreted as in 4 sections. These regions are

Tekirdag, Central, Kumburgaz and Cinarcik Basins.

The general trend of the located events closely follows the surface trace of the Main
Marmara Fault with smaller location uncertainties between 27.7°E and 28.5°E (see the
error ellipses in Figure 3.9). Between 27.7°E-27.9°E of the Central High, seismicity on the
map view takes place within £3 km of the surface fault trace of the MMF. In the Central
Basin, the seismicity is diffuse at the western end of the basin where the junction of the
bounding faults of the basin. Between 27.9°E-28.15°E, most of the seismic activity crosses
the center of the basin within £2 km the surface fault trace. However, two seismic clusters
also appear on the southern part of the Central Basin. At the eastern end of the CeB, the
seismicity deviates from the surface trace of the MMF to the north and continues within a
narrow zone of the Kumburgaz segment. The seismicity takes place on the south of the
surface trace of the MMF along the Kumburgaz segment up to 28.4°E. Between 28.3°E and
28.8°E, the seismicity is partly diffuse due to the larger uncertainties of the located events

but also its transitional character from pure strike slip to extensional tectonics.

The nearly repeating events forming 9 clusters occurred during the observation
period of the OBS deployments are displayed in Figure 3.10 (green circles). They take
place closely in the Central Basin and located on the surface trace of the MMF, between 8-
10 km depths.

The striking feature of the E-W depth section is the absence of seismic event at depth
shallower than 4 km. This is even deeper for the Central Basin (between 27.85°E -
28.20°E). The maximum depth of the seismogenic zone reaches to ~18 km from Tekirdag

Basin to the middle of the Central Basin. To the east of 28.0°E, the seismicity is sparse, and
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it appears that the seismogenic depth reduces to ~11 km. The overall seismicity rate is low

along Kumburgaz segment, but reaches to a depth of ~16 km.
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Figure 3.10. Top: Map view of the seismicity in Marmara region between 2014-2016. The
green circles show the locations of the nearly repeating events detected during the OBS
deployments. Bottom: Depth view of seismicity. The green circles show the seismic

repeaters. Fault lines were taken from Emre et al. (2013).
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Figure 3.11. Top: Map view of the seismicity in Marmara region between 2014-2016.
Bottom: Depth view of seismicity for N-S section. The green circles show the seismic

repeaters. Fault lines were taken from Emre et al. (2013).

3.4.1. Depth Distribution of Seismicity

Figure 3.11b displays N-S depth cross sections of the seismicity within £20 km of
the surface fault trace. The cross section in Tekirdag Basin (A) shows no localized
seismicity with £10 km of the fault trace. Localization of seismicity starts at the central
High, Profile B, the dip of the seismic activity is almost vertical and spread over +4 km of
the fault trace. The seismicity extents from 3 km to 15 km depth. In the west of the Central
Basin (Profile C), the dip of the seismicity is close to vertical and spread over +£8 km of the

fault trace from 5 km to 16 km depths. In the west of the Central Basin (Profile D), an
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apparent change occurs on the depth limits of the seismicity, between 7 and 12 km. On
the Profile E in the first profile of the Kumburgaz Basin, the seismicity localizes between 5
and 9 km depths. On the Profile F, the depth of the seismicity takes place between 3 and 15
km. It appears that the seismicity slightly dips to south although the low seismicity rate
limits the precise determination of the dip. The largest magnitude events (>3.5) occur in

the Central High and Central Basin while decreasing sharply along the Kumburgaz Basin.
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Figure 3.12. Depth distribution of earthquakes in the Tekirdag Basin.
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Figure 3.13. Depth distribution of earthquakes in the Central Basin.
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Figure 3.14. Depth distribution of earthquakes in the Kumburgaz and Cinarcik Basin.
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The demonstration of the depth distribution of the seismicity of the fault segments
can contribute to the characterization of the seismogenic zone of the MMF. In this study,
the depth distributions were computed for Tekirdag, Central, Kumburgaz and Cinarcik
Basins as shown in Figure 3.12, Figure 3.13 and Figure 3.14, respectively. As stated in
Schmittbuhl et al. (2015), the seismicity in a region is related to the locking depth since the
seismic activity is happening above the locking depth where the brittle and velocity
weakening mechanism come up. Below the locking depth, the crust is expected to respond
to the plate driving force ductility following velocity strengthening processes with no

seismicity.

3.4.2. A Comparative Analysis of Microearthquake Activity

The spatial and temporal monitoring of the microearthquake activity in the Marmara
region is critical for the present state of the Main Marmara Fault and the hazard assessment
for the surrounding cities. Various monitoring activities, including microseismicity are
carried out at different scales and precisions. The studies are based on the land stations,
OBS stations, or both. They used different velocity models and location tools. Therefore, a
comparative analysis of the locations is relevant in order to understand the similarities and

differences.

One of these studies carried out by Schmittbuhl et al. (2015) investigated the
seismicity along the MMF beneath the Marmara Sea for the time period of 2007-2016
using the data from the broadband stations around the Marmara Sea (Figure 3.2).
According to their results, the Tekirdag and Central Basins have micro events in
abundance. The depth range of the earthquakes is about 17 km from surface. The depth
values vary in a wide range for the transition zone between Tekirdag and Central Basin. In
this study, for TB, the depth extension starts at about 5 km and in general it extends 20 km,
which is similar to the results of Schmittbuhl et al. (2015). As for the eastern part of the
TB, which can be defined as a transition zone and named as Western high Cluster, the
results are revealing that the depth values vary from about 3 km to 18 km at longitude
around 27.7°E. It is also apparent that the depth extension is slightly narrower than the
result of Schmittbuhl et al. (2015) for this section.
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Figure 3.15. Seismicity activity between 2007-2016 (red) (after Schmittbuhl et al., (2015))
and this study (green). Top: Map view of the seismic activity. Bottom: Depth view of the

seismic activity.

Between the longitudes at 27.8 E-28.2E, which can be described as Central Basin,
results obtained in this thesis indicated that the depths vary from 5 km to 15 km, while the
depth results of Schmittbuhl et al. (2015) changes in a very extended depth cluster
(between 2-20 km). In this study, the depth values at western end of the Kumburgaz Basin
(at 28.2°) start about 7 km and the depth extends to 18 km. In this area, a sparse seismicity
can be seen as in the study of Schmittbuhl et al. (2015). Also, the results of this thesis and
Schmittbuhl et al. (2015) agrees for Cinarcik Basin in terms of the depth range. Both
studies show that the seismicity starts deeper for this part revealing a narrower depth range.
For the west of the Cinarcik Basin, the seismicity is starting at about 5 km and extending
20 km. However, the seismicity decreases to the east of the Cinarcik Basin. In Schmittbuhl
et al. (2015), for the Cinarcik and Kumburgaz Basins, the study found that the depth range
is between 8 and 14 km.
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A recent study carried out by Yamamoto et al. (2020) analyzed the continuous
seismic data obtained from 15 off-shore stations for in the years between 2014-2016 using
the STA/LTA method to create the microseismic event database along the MMF fault
segment from 27.4°E to 28.8°E. They identified 820 micro events beneath the MMF. The
study defined two inactive areas of microseismicity located in the western segment which
corresponds the 1912 earthquake rupture area. The hypocentral locations from Yamamoto
et al. (2017) are displayed with the result of this study in the same time period (Figure
3.16). Another seismically inactive area is in the eastern segment, which is considered as a
fully locked segment that has the potential for a large earthquake. Yamamoto et al. (2020)
also stated that the epicentral locations of the mainshock and aftershocks of the September
26, 2019, M 5.7 earthquake are located much closer to the MMF than locations reported
from only land-based results, given in KOERI catalog, which are located on the northern of
MMEF. Also, the earthquake location results of Yamamoto et al. (2020) indicated that the
micro-earthquake activity is between 8 and 22 depth range for the Western High Cluster.
Batsi et al. (2018) claimed that these results found by Yamamoto et al. (2017) are too deep
and most of the micro events occurred much shallower than 7 km in the Western High
section. The RMS values are given as 0.2-0.3 and 0.4 for common earthquakes in the
studies of Yamamoto et al. (2017) and Batsi et al. (2018), respectively (Yamamoto et al.,
2020). As for the boundary between the Western High Cluster and the Central Basin (at
about the longitude 27.74°E), Yamamoto et al. (2020) reported that the earthquakes seem
to be extending to 22 km, but to the east, we see that their results become shallower.
However, the results of Yamamoto et al. (2020) are deeper compared to the current study
for this section. For Central Basin, it can be clearly seen that the results for the depths are
changing between the 8-20 km at longitude between 27.9°E - 28.2°E in Yamamoto et al.
(2020), which is a wider depth extension compared to this study. At longitude 28.05, the
sudden change of depths to a shallower value at about 12 km has been reported in that
study. Between the longitudes at 28.2°E-28.4°E, in the western part of the KB, we see that
the depth results of Yamamoto et al. (2020) are consistent with the results acquired in the
thesis (starting at 5 km to 18 km) varying between 5-15 km. To the east, between the
longitudes at 28.4°E - 28.6°E, results of the current study are deeper than theirs’. In the
eastern part of the Kumburgaz Basin, at longitude around 28.7°E, the seismicity happens at
the depths of 8-13 km according to the results of Yamamoto et al. (2020). Their depth
extension findings are narrower than calculated in this study presenting the depths changes
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at between 3 km to 20 km at longitudes between 28.7°E- 28.8°E. Figure 3.16 shows the
comparison between the location results obtained in this study and Yamamoto et al.
(2017).
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Figure 3.16. Seismicity activity between 2014.09-2015.07 (green) (after Yamamoto et al.
(2017)) and this study (red). Top: Map view of the seismic activity. Bottom: Depth view of

the seismic activity.

The microseismic activity monitored by permanent seismic networks and OBS
studies display similar epicentral distributions (Schmittbuhl et al., 2015), but also show
differences in hypocentral depths. It is important to understand such observations as the
absence of the earthquake activity at shallow depths also indicate upper bound of the
seismogenic zone, reducing the seismogenic thickness. A more accurate estimate of the
seismogenic thickness provide more reliable earth models for rupture scenarios. Figure

3.17 shows P-wave seismic tomographic model crossing the center of Marmara Sea
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(Latitude 40.8° N) in E-W direction (Hayrullah Karabulut, personnel communication). The
model computed from the seismic reflection data collected during 2001 SEISMARMARA
experiment (Laigle et al., 2008).
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Figure 3.17. Top: Seismicity distribution obtained using OBS data from this study.
Bottom: P-wave seismic tomographic model crossing the center of Marmara Sea (Latitude
40.8N) in E-W direction. The pink area in the upper part of the model shows the water
layer (Hayrullah Karabulut, pers.comm.). Red circles show the seismic events displayed on

the top figure.
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The microseismic activity displayed on the P-wave tomographic model indicates that
no seismic events are located in the low sedimentary basin structures. Overall, the

microearthquake locations follows the depths with P-wave velocities > ~3.5km/s.

It is apparent from Figure 3.17 the location results of the earthquakes are under the
sedimentary basement which is represented by low-velocity zone beneath the Central
Basin. The ratio of overlap between the sediment layer and micro-earthquakes seems more
realistic in this study than Yamamoto et al. (2017)’s results that starts at deeper beneath the
sediment part. The study defined some active and inactive areas along the segments
underneath MMF. Additionally, Yamamoto et al. (2020) acquired micro earthquake
locations from OBS data and the comparison with Yamamoto et al. (2017) shows nearly
the same results. The extensometer data from Yamamoto et al. (2019) revealed that there is
a slip rate of 10.7 £ 4.7 mm/year around WH cluster which contains 8-km thick sediment
layer indicated by Bayrakci et al. (2013).
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4. REPEATING EARTHQUAKES

4.1. Introduction

Earthquakes occurring close to each other have similarities in their waveform shapes
(Omori ,1905; McEvilly and Casaday 1967; Hamaguchi and Hasegawa,1975; Poupinet et
al., 1984; Geller and Mueller, 1980). The neighboring earthquakes that are very close to
each other in location and having the same slip area are the similar earthquakes (Uchida
and Blrgmann, 2019). These events have a wide range of implications. Both very close
and co-located events can provide the slip history of a point on the fault zone.

Seismic repeaters have been observed all around the world including USA, Taiwan,
Japan, Turkey, Indonesia. The repeating earthquakes provide evidence for slow slip,
precursors, and seismic creep (e.g., Kato et al., 2012; Bouchon et al., 2011; Nadeau and
McEvilly 1999; Igarashi et al., 2003; Uchida et al., 2019). Various features of the slow slip
related to different physical processes can be estimated through the assessment of the
repeating events, e.g., postseismic slip (e.g., Uchida et al., 2004; Hayward and Bostock,
2017), spontaneous slow episodic slip (e.g., Nadeau and McEvilly 2004; Uchida et al.,
2016), preseismic slip (Kato et al., 2012).

Repeating Earthquakes can be defined as the families of two or more events of the
same locations on a fault zone with nearly same magnitudes. One clue helping to search
the repeating events is that they have nearly identical waveforms recorded at the same
stations (Templeton et al., 2007; Chalumeau et al., 2021; Chen et al., 2007). The other
criterion is that they rupture similar fault locations (Chalumeau et al., 2021; Chen et al.,
2007). It has been observed that the earthquakes tend to have a repetition for a fault rupture
of fixed patch along the San Andreas Fault for the Parkfield section, which can also be
explained by the stick-slip mechanisms, by the Nadeau and Johnson (1998), Nadeau et al.
(1994), Cole and Ellsworth (1995). They were interpreted as the characteristically repeated
rupture of asperities within slipping regions on the fault through the time. Similarly,
Uchida et al. (2003), found the distribution of repeating earthquakes on the plate boundary

in Japan, concluded that these events are mostly concentrated within freely slipping


http://earthquake.usgs.gov/research/parkfield/scientific.php#Nadeau94
http://earthquake.usgs.gov/research/parkfield/scientific.php#C
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portions of the plate boundary. In addition, Uchida et al. (2015) examined postseismic
response of repeating earthquakes around 2011 Tohoko-oki earthquake(M=9) in the Japan
subduction zone for the time period from 1984 to 2011, by investigating the temporal
variations of the size of the earthquakes related to 2011 Tohoko-oki earthquake(M=9) and

the slip area.

The case of Parkfield earthquake sequence, on San Andreas Fault Zone, is one of the
first and the striking example for the repeating earthquakes. The earthquakes of magnitude
about 6 have occurred on the Parkfield region in the same area with a regular recurrence
time intervals in the years of 1857, 1881, 1901, 1922, 1934 and 1966 (Figure 4.2) (Bakun
et al., 1986). Since they are historical earthquakes and belong an era with little seismic
instrument, there is not so much information about the first three events, 1857, 1881 and
1901 earthquakes. However, available data indicate that these 6 events occurred with a
repetition of about 22 year and represented repeated ruptures on the same area of the fault
zone, which may be interpreted as characteristics of them. Looking on the historical
records of 1934 and 1966, it can be seen that these events initiated at the same spot of the
fault (Bakun and Lindh, 1985 ; Bakun and McEvilly, 1979). Figure 4.1 shows the historical
seismograms of the east-west component recorded by Galitzin instruments at De Bilt, the
Netherlands. It is remarkable that the 1934 and 1966 events are similar in terms of their

waveform shapes.


https://prod-earthquake.cr.usgs.gov/learn/parkfield/scientific.php#Bakun95
https://prod-earthquake.cr.usgs.gov/learn/parkfield/scientific.php#Bakun95
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Figure 4.1. 1922 and 1934 Parkfield events recorded at Berkeley, California.
(https://earthquake.usgs.gov/learn/parkfield/hist.php)
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Figure 4. 2. The repeating earthquakes in Parkfield region on the San Andreas Fault Zone,
California(http://www.conservation.ca.gov/cgs/geologic_hazards/earthquakes/Pages/09282

004 _eq_info.aspx)


http://www.conservation.ca.gov/cgs/geologic_hazards/earthquakes/Pages/09282004_eq_info.aspx
http://www.conservation.ca.gov/cgs/geologic_hazards/earthquakes/Pages/09282004_eq_info.aspx
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The important point that should be considered for the evaluation of the repeaters is to
distinguish the neighboring events. The waveforms of these events may show a high
coherency and their locations may be very close to each other. Therefore, the exclusion of
the non-repeating events that are both neighboring and triggered events is one of the major
processes that must be achieved (Uchida, 2019). The triggered events are affected by the
stress change occurred by a previous event. The repeaters, on the other hand, may be
triggered by slow slip or afterslip. They were observed in the borders of afterslip release
where large aftershocks occurred. The occurrence of aftershocks diminishes with time
after the main event according to Omori law (Zerbst, 2020; Chalumeau et al., 2021). The
study of Chen et al. (2013) on repeaters with a small number of nearby events behave more
periodically and have a coefficient of variation (COV) smaller than 0.3. The neighbor
events that occurred in the vicinity of the repeaters affected the temporal properties of the
repeating events. The recurrence intervals of these events have been affected moderately
by the uneven stress variation. The study reported that the repeaters that emerged in a
shorter time than 1 day essentially have faced with high stress change and this has given
rise to a triggering situation that shortened the recurrence interval (Chen et al., 2013). The
recurrence times of repeater are reduced by a preceding event, showing an increment in

events that follows Omori law (Chalumeau et al., 2021).

We take benefit from the appraisal of the recurrence interval of these events because
triggered events are also distinguishable with their temporal properties from the repeater
candidates (Uchida, 2019). As an example, study carried out by Lengline and Marsan
(2009) aimed at lightened the properties of the triggering events from the repeaters that
they found by using the similarity of the waveforms and location results (Uchida et al.,
2019). They focused on the earthquakes between 1984-2007 in Parkfield region and had
chance to observe if any perturbation happened by 2004 Mw=6.0 Parkfield Earthquake.
The assessment of the repeating earthquake sequences has indicated that many of the
repeater sequences displayed increment after the Parkfield event. On the other hand, some
of them halted their activity during the main shock. The reasons behind this periodicity
perturbation are the change of the distribution of coseismic stress and the characteristic

timing behavior of the afterslip on the fault plane (Lengline and Marsan, 2009).
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Lengline and Marsan (2009) also reviewed the repeating events regarding their
temporal evolution. The repeating earthquake sequences before the mainshock were
investigated by describing the Tr value which is the mean interevent time of the Tr
(recurrence interval time) values. A probability density function for the normalized
recurrence times, Tr/Tr, has been acquired to look for the cases of short-term and long-
term recurrence times for a repeater sequence. The cases for short-term and long-term
repeating events have been expressed as Tr <0.1x Tr and Tr >0.1x Tr , respectively. The
recurrence interval of the repeating earthquakes shorter than 10 percent of the mean
recurrence time interval, which has been considered to be the short-term events, displayed
a power law decay rate concordant with the Omori law. So, the rate of the change is an
indication of a triggering process representing short-term earthquakes that were likely
caused by the slip of a nearby asperity. Their locations are not so tightly clustered in the
fault zone of the repeater sequence. On the other hand, recurrence interval of the repeater
longer than 10 percent of the mean recurrence interval indicated a good correlation in their
locations and a periodicity (Lengline and Marsan, 2009; Uchida, 2019). This observation
indeed agrees with the idea that a fault patch is hard to be reloaded in a very short
recurrence time interval, except for the cases of the post-seismic behavior after a large
event. At this point, the evaluation for the short-term repeater requires more caution, as
stated in Uchida (2019).

Two possible explanations for the short-term earthquakes have been made by
Lengline and Marsan (2009). When a priori event has not ruptured the whole asperity,
remaining stress on the same asperity may have caused the short-term events. The second
supposition for the short-term events is that they are the results of a close but separate

asperity (Lengline and Marsan, 2009).

Although the mechanism behind both short- and long-term earthquakes arise from
the asperities reloading and rupturing over and over again, the main reasons causing the
accumulation of strain around the asperities are the different mechanisms. For adequately
large events, the mechanism behind the long-term repeaters is assigned to the tectonic
loading mechanism (Lengline and Marsan, 2009). Another assumption is the slip occurring
slowly and aseismically around asperity on the fault zone (lgarashi et al., 2003; Bourouis
and Bernard, 2007). As shown in Bouchon et al. (2011), Kato et al. (2012), repeating
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events with much more shorter recurrence intervals, are more presumably related to a fast

nucleation process. (Bentz, 2020).

As shown in the studies of (e.g., Lengliné and Marsan, 2009; Igarashi et al., 2003;
Bourouis and Bernard, 2007), tectonic loading process or usually slow-slip of the fault
zone around the asperity set stages for the long-lasting repeaters. On the other hand, the
repeating earthquakes with shorter recurrence intervals of time seems to be related to the
nucleation of acceleration process, observed by Kato et al. (2012). These types of events
were also observed in the process of the reloading of asperities caused by afterslip of large
events, suggested by Peng and Zhao (2009).

It should be noted that the recurrence interval or slip scaling remains inconsistent
particularly for the repeating events. Observed repeating sequences follow the relation that
scales recurrence interval Tr with Mo®!’ as suggested by Chen et al. (2007), Lengline and
Marsan (2009), Nadeau and Johnson (1998). Yet, as observed in Allmann and Shearer
(2007), the slip or the recurrence interval follow a scaling with Mo*? if the events were

supposed to have stress drops with magnitude dependent (Williams et al, 2019).

4.2. The Physical Model of Repeating Earthquakes

The studies over the last 25 years indicated that repeating events have been observed
within a variety of tectonic regimes, e.g., the strike-slip faults (Nadeau and Johnson; 1998),
normal faults (Duverger et al., 2018) and reverse faults (Chen et al., 2008). Dominguez et
al. (2016) and Uchida et al. (2003) also found that the megathrust faults produced
repeaters. These studies pointed out that the aseismic slip, creep, afterslip or slow slip
events (SSEs) are actually related to the generation of repeaters in a fault zone (Chalumeau
etal., 2021).

In a fault zone, the slip can be observed in various types. It can occur as an aseismic
creep which is caused by sliding stable, not produced by a notable earthquake, or can be
observed after a sudden release of accumulated seismic energy by an earthquake. The
relationship between seismic and aseismic slip is crucial since it can give us an insight

about the rupture size of an expected earthquake. Also, aseismic slip transients may initiate



41

the big events or may lead to nucleation for the devastating earthquakes (Shaddox et al.,
2021).

4.2.1. Repeating Earthquakes and Fault Creep

Many studies have investigated the physical mechanisms of creep on faults.
Proposed mechanisms include, as Harris (2017) summarized, frictional properties on the
fault zone (Jolivet et al., 2013), the increment in pore fluid pressure (Hreinsdéttir and
Bennett, 2009; Anderlini et al., 2016, Savage and Lisowski, 1993) increased temperatures
(Blanpied et al.,1995), fault geometry (Funning et al.,, 2007) and chemical reactions
(Moore and Lockner, 2013).

The low frictional strength on the fault may cause a decrease in effective normal
stress on a fault, which has impacts on the fault behavior by leading to low normal stress
acting on the fault in the shallow crust. The degree of elastic strain in the lower crust and
the locking behavior of the fault depending on the depth are related to the creeping rate
defined at the surface of the earth (Savage and Lisowski, 1993). In Figure 4.3, a model for
a fault zone representing the creeping, locked sections and the relation between elastic

strain and creep can be seen.

‘ e FAULT CREEP
A
18 km <«— Locking Depth

Figure 4. 3. The relation between creep and elastic strain

(http://funnel.sfsu.edu/creep/WhatsCreepPage.html)


http://funnel.sfsu.edu/creep/WhatsCreepPage.html)
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Harris (2017) pointed out that creep also seems to be associated with the rock type
since the frictional strength of a fault is increased by particular rock types. Moore and
Rymer (2007) observed that the samples of serpentinite from Parkfield on the San Andreas
Fault zone, which is known to be a creeping portion, decreased the fault shear strength of
the fault and led fault to be stable-sliding and behave aseismically. The study also revealed
that the frictional properties of talc are present at depths more than 10 km rather than
earth’s surface (Harris, 2017). The part of the fault which is composed of these ingredients
(e.g., serpentinite, talc, salt and clay) may withstand slipping faster and it shows obstacles

to the spreading earthquake ruptures (Chen and Birgmann, 2017).

The conditions of pressure have been supposed as a cause for creeping on a fault as
reviewed in Scholz (1998). Wei et al. (2009) assumed that increased pore pressure in the
sedimentary layers of the fault could be responsible for the creep in Superstition fault,
California. However, the experiments in the laboratory at room temperature using samples
of porous sandstone showing a failure by brittle deformation indicated that pore pressure
led rocks to fail at a lower shear strength even though they are still in brittle deformation
(Harris, 2017).

The creep on a fault zone has also been attributed to the permanent effects of
previous events. At this point, aseismic slip has been viewed as a process of seismic cycle
for the fault zone creeping, for North Anatolian Fault Zone in Cakir et al. (2012). The idea
is that the regions exhibiting both interseismic creeping faulting and large events may
indicate the impacts following large earthquakes. Namely, creep on a fault zone is actually
an elongation of postseismic slip on the fault zone. Cakir et al. (2012) indicated that [zmit
section creeps since the last large earthquake on the North Anatolian Fault. They suggested
that the creep on the fault zone is, in fact, the afterslip of the large event and pointed out
the similar behavior of the Hayward fault (Harris, 2017). Herein, the creep rate on the fault
zone has also been discussed by Harris (2017). According to Perfettini and Avouac (2004)
and Langbein et al. (2006), the relationship between the creep rate on a fault zone and time
since the last event should display an inverse proportion for a model of afterslip (Harris,
2017).
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The importance of the repeating earthquakes comes from the fact that they can be
unique measurements for the calculation of the creep on the fault zone (Uchida et al.,
2019). The weak parts of the fault plane that rupture afterslip produce a large number of
small repeating events (Templeton et al., 2007). So, these events are caused by the
heterogeneities on the creeping areas, which are called as call asperities on the fault zone
(Figure 4.4). A seismic asperity is being regularly loaded by aseismic slip and they rupture
the same location of the fault at regular recurrence intervals (Chen and Lapusta, 2009;
Chalumeau et al., 2021). So, in interseismic period, the creep on the fault zone can be

estimated using the repeating earthquakes (Uchida et al., 2019).

asperity for
small repeating
earthquakes

aseismic slip area:

high seismicity

slow earthquakes
aseismic slip
repeated earthquakes

asperity for
large earthquakes

Figure 4.4. The Schematic model demonstrating the types of asperities on a subduction

zone (Behrmann et al., 2006).

The repeating earthquakes have also been suggested to be related to velocity
strengthening friction of the fault in terms of their physical process (Dieterich,
1978, Perfettini et al., 2001, 2003). The logarithmic relationship between shear stress and

fault slip rate, which is caused by the physical mechanisms of these events, results in
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nonlinearity at the time intervals of the recurrence of the repeaters as seen in Perfettini et
al. (2003) for the reaction of a fault to a perturbed stress (Schmittbuhl et al., 2016).

Schaff et al. (1998) demonstrated that creeping rheology is related to the repeating
earthquakes in terms of physical meaning for the aftershock sequence and postseismic slip.
An abrupt change in the stress will lead to an increase as 1/t in the recurrence time Tr with
the postseismic time t. This relation appears to suggest that the number of repeating
earthquakes increase during the foreshock sequences, which is related to the growth in
mechanism of the nucleation, which can be seen in the studies of Bouchon et al. (2011);
Kato et al. (2012); Bouchon et al. (2013); Meng et al. (2015) (Schmittbuhl et al., 2016).

Repeating earthquakes developing over time, which are related to the induced
seismicity, are suggested to be associated with the creep (Bourouis and Bernard, 2007;
Lengliné et al., 2014). Conversely, the recurrence time Tr is likely to be constant.
Therefore, the repeating earthquake observations are actually in agreement with the creep
structure on the fault zone (Nadeau and Johnson, 1998; Chen et al., 2007; Chen and
Lapusta, 2009; Lengliné and Marsan, 2009).

4.3. Near Repeating Earthquakes

Understanding which mechanism behind the timing of the earthquakes is key to
comprehend the behavior of the cycle of the earthquakes. It is a well-known fact that
knowledge of the controlling factors related to recurrence times behind the earthquakes
will enable to indicate the seismic hazard assessment. Nonetheless, the nature of the
earthquakes and the uncertainty of the recurrences of earthquakes remains controversial
(Chen et al., 2013).

At this point, the Parkfield case, which demonstrates small characteristic repeating
events, actually gives an opportunity to the seismologists to build the relations between
earthquakes and their effects to each other in terms of the recurrence features (Chen et al.,
2013). Although the repeaters observed on the San Andreas Fault zone indicate
characteristic behavior, Nadeau et al. (1995) found that the earthquake clusters near the

repeaters in this area revealed aperiodic recurrence time intervals, changing between
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minutes to days. These events, showing a short-term recurrence interval, were clustered
within 100-200 m apart to each other. These types of short-term repeating events near
Parkfield have also been noticed by Lengline and Marsan (2009). They noticed that the
behavior of these events in terms of their locations does not present a typical repeating
earthquake characteristic. Their interpretation for these events is that they ruptured
partially from the same asperity or they are caused by the distinct asperities very close to
each other (Shaddox et al., 2020).

Shaddox et al. (2020) proposed that these types of events showing highly correlated
waveforms and spaced closely to each other within 200 m with variable magnitudes and
aperiodic repeat intervals can be named as “near-repeating events”. The asperities
overlapped partially or spaced adjacent to each other may trigger to rupture the short-term
repeating events. Therefore, these events actually differ from the characteristic repeating
events with their source. Many studies on slow-slip events such as Igarashi (2010), Yao et
al. (2017), lgarashi et al. (2003), Li et al. (2013), Templeton et al. (2008), related these
events to the transient aseismic slip, as well as afterslip rather than creep on a fault zone.
Kato et al. (2012) and Meng et al. (2015) suggested these events are in relation with
precursory slow-slip activity that precedes the main rupture. Recently, Shaddox and
Schwartz (2019) proposed that these events have been associated with the aseismic slip

caused by the pressure of moving fluid (Shaddox et al., 2020).

Konca et al. (2021) has also defined near-repeating earthquake sequences occurred in
long-term in the East Anatolian Fault (EAF) zone. The study proposed that the repeating
events have been triggered by the nearby events loaded by the creeping section of the fault
that is also demonstrating coupling parts. Detected waveforms with CC larger than 0.95
from 10 years observation at ELZG broadband station were specified as 4 repeating
earthquake sequences. In addition to these earthquakes, the repeater clusters with short-
term recurrences and having large correlation coefficients within the mutual source zone
about 5 km were thought as short-term clusters. These events were referred as “near-
repeating earthquakes”, which has been suggested as a new term by Shaddox et al. (2021)
to define the repeaters that have irregular pattern concerning their variable recurrence times
and magnitudes (Konca et al., 2021). As also specified in Shaddox et al. (2021), the crucial

point is whether these events are coming from the same sources or not.
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5. REPEATING EARTHQUAKES IN THE MARMARA SEA

5.1. Detection of the Repeating Earthquakes

There are two general ways to search for the repeating events. One of them is based
on the calculation of hypocenters which display overlapping areas of source to identify the
repeaters. Here, the usage of the waveform-based differential time to get the exact relative
earthquake locations (Ellsworth, 1995; Waldhauser and Schaff 2008; Yu, 2013) is a
suitable way for repeating events since they have similar waveforms and performing
waveform cross-correlation give their time differentials accurately. This method gives the
uncertainty of locations with just a few meters. However, it has some limitations since it

requires adequate number of stations with a good station coverage (Uchida, 2019).

The more common method to detect the repeating earthquakes is to use waveform
similarity. As mentioned before, the repeating earthquakes exhibit the similar waveforms
since they rupture the same source if the medium properties and the instrumentation
remains same (Uchida 2019; Chalumeau et al., 2021). This method shows more robust
results if the parameters necessary for the analysis are selected properly as suggested in
Uchida (2019). The searching for repeaters based on the waveform similarity also entails
less data, that is, one station is mostly enough to proceed the analysis although various

seismic stations enable more powerful detection (Uchida, 2019).
The cross-correlation method is a fundamental method for assessing the waveform

similarity. The degree of the similarity of the waveforms is assessed by the cross-

correlation coefficient given below.
C(D=2Zis fi (Of, (£ +T) (5.1)

where f, and f, are the time series representing the waveforms of the x and y earthquakes.

N indicates the discrete samples. T is the delay time (Uchida, 2019).
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Other major method to assess the waveform similarity is cross spectra method, the

coherency of the waveforms is defined as;

_ |Sxy (w) |2
coh(w) = ’—Sxx @5y @ (5.2)

where the cross spectrum, Sy, ) for the events x and y is estimated from the Fourier

transform.

In cross-correlation method, the frequency range is defined before performing cross-
correlation process for the assessment of the waveform coherency. The cross-correlation
value for a waveform pair recorded at the same station is used to assess the overlapping
sources having the same locations (Uchida, 2019). When two waveforms highly correlate,
the CC value close to 1. Usually, CC value is chosen as 0.95, which is sufficient for the

waveforms that nearly matches as identical (Can, 2019).

The process of detection of repeating events based on the similarity of the waveforms
requires optimization of some parameters as stated in Uchida (2019). These parameters are
the selection of the time windows and bandwidth of the signal (Gao et al., 2021; Uchida,
2019). During the analysis of detection of the repeaters, selection of long-time window
may result in a high cross-correlation value, but, on the other hand, this may result in low
signal to noise ratio. Also, many studies prefer to use a fixed window length which is long

enough and can capture the target events (e.g. Taira et al., 2014; Meng et al., 2015).

Uchida et al. (2019) has mentioned a quantitative measure for the analysis of
repeating earthquake detection. Taking “quarter wavelength rule” proposed by (Geller and
Muller, 1980) into account for the similarity of the waveforms, he stated that the frequency

condition for the overlapping events coming from equivalent source size is;

f>2 (5.3)

4r

where Vs is shear speed and r is the radius of source.
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For the repeaters in different slip area, the upper limit of the proper frequency is
regarded to be associated with the heterogeneous structure of the source for the waveforms
having high frequencies. This may result changes in the rupture process for the slip area of
the repeaters sharing the same source area. It has been argued that the frequency range
lower than the corner frequency may be insufficient to eliminate the earthquakes showing
the different patterns of rupture. Therefore, the optimal choice for the frequency range will
be actually dependent on the earthquake size. Igarashi et al. (2010), Taira et al. (2014) and
Meng et al. (2015) selected the repeating events using the frequency ranges considering
their magnitudes (Uchida et al., 2019).

Identification of repeaters based on waveform similarity is a popular method. In a
more general way, the events with waveforms with cross-correlation coefficient above a
threshold (changing between 0.70 — 0.98) are defined as the candidate repeaters. Gao et al.
(2021) investigated the performance of the cross-correlation in detection of repeaters. The
waveforms of non-repeating events can also show similarity. Also, the waveforms from
repeating events may demonstrate small differences related to the highly low level of noise
at a station, which is the result of the variability in rupture properties. Here, the basic
aspect that should be keep in mind is the proximity of the source zones of the repeating
earthquakes (Gao et al., 2021; Shaddox et al., 2021; Konca et al., 2021). As Gao et al.
(2021) stated, the filtering, particularly applied band-pass filter on waveforms, may lead to
the removal of the high frequencies with low similar waveforms and thus may seem similar
waveforms of non-repeaters. But it also presents a solution to the inconsistency of the
waveform similarity of the true repeaters. Here, the filtering process for the selection of the
repeaters using just the waveform similarity by cross-correlation may be misleading.
Therefore, it is extremely important to consider physical criterion such as overlapped

source zones of the repeaters.

5.2. Template Matching for Detecting Repeating Waveforms

The template matching method is used for the detection of repeating events in this
study. The method relies on the search of pre-detected seismic events (template events) in
continuous seismic data recorded by a seismic station using cross correlation method. The

implementation of the method is easy and fast and can work with single station/channel
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data. The method has an advantage in terms of sensitivity of detection since the cross
correlation can identify low S/N events and it does not need to be carried out with high
computational efficiency since a search of small set of template waveforms is confronted
in the continuous data (Yoon et al., 2015). On the other hand, the performance of the CC
depends on several factors, e.g., window length, bandwidth. The selection of these
parameters becomes critical with low Signal/Noise data and in the presence of long
wavelength background signal. The method is widely used to catch the repeating events as
indicated by many studies such as Schmittbuhl et al. (2016), Yoon et al. (2015),
Chalumeau et al. (2021).

The template matching is, undoubtedly, one of the strongest approaches to search the
repeating events since it manages to tweeze the signal in noisy data. Cross-correlation of
the waveforms uses the resemblance of the waveforms as a sensitive detector for the
earthquake search. So, the template matching method, which is also called as matched-
filter, scores high on the sensitivity in detection even in the noisy dataset. One major
drawback of this method is the necessity of the prior event signal (Yoon et al., 2015, Bentz
et al., 2020). Luckily, a bunch of template events for the repeating earthquake search was
available and used in the current study. This enabled to perform a comprehensive search in
terms of the finding repeaters. As Yoon et al. (2015) pointed out, many studies take
advantage of the sophisticated property of the template matching by detecting new events
such as foreshocks (Kato and Nakawaga, 2014), aftershocks (Peng and Zhao, 2009),
earthquake swarms (Shelly et al., 2013), triggered events (Meng et al., 2013), low-
frequency events (Shelly et al., 2007).

5.2.1. Application of Template-Matching Method on Continuous Seismic Data

The seismic repeaters along the Main Marmara Fault (MMF) are searched through
the continuous data from the broadband stations to detect the possible creeping segments
of the fault. The search for the repeaters is performed at several steps. Initially, search is
performed manually on the continuous recordings of the permanent OBS stations deployed
by KOERI and operated between 2011-2013 (Schmittbuhl et al., 2016). The main reason to
start the search with the OBS station is that they are the closest stations to the fault
therefore small magnitude events have better S/N compared to the land stations located at
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distances > 25km. Then the manually detected events from the OBSs are used as templates
and performed a more extensive search by cross correlation using the same OBS
recordings. This allowed to detect lower magnitude events. This process was repeated for
the 4 OBS sites of KOERI, located in Tekirdag Basin, Central Marmara Basin, Kumburgaz
Basin and Cinarcik Basin, operated between 2011-2013. The detected events are analyzed
and classified for their long-term repeating behaviors. As a result of the search based on 4
OBS sites, that repeating earthquakes are detected in the Tekirdag Basin and the Central

Marmara Basin but none in the Kumburgaz Basin or the Cinarcik Basin.

Based on the initial analysis of the sites from 4 OBS, a catalog of template events is
built for a more extensive search using the land stations operated longer time periods in the
region. The origin times of the events detected from the OBS recordings are used to extract
waveforms from the recordings of land stations. The waveforms with high S/N are used as
templates to detect the events between 2008 and 2020. A low threshold is used for cross
correlation coefficient (>0.6) initially to detect low S/N ratio events or events with less
similarity. This allowed to create a large, detected waveform database to construct more
extensive repeating event waveform catalog. Then, cross correlation is again used to find
highly similar events with CC > 0.9 from the detected waveform database and form
waveform clusters. Finally, the repeaters are selected as waveforms with CC> 0.95 and
with several occurrences from 2008 to 2020. The waveform clusters repeating fewer than 4

during this observation period are not considered for the analysis.

This part of the study is a continuation of the work done by Schmittbuhl et al. (2016)
in the time period of 2008-2015 at SLVVM station. The distance of SLVM station is ~30km
from the Main Marmara Fault, closest to the detected events. The SLVM station was
operated by TUBITAK-MAM between 2008-2018 and not available since 2019. The other
stations operated in the Marmara region by TUBITAK-MAM and KOERI are also used in
the detection and analysis, but the SLVM station has the best data continuity and quality.
In order to monitor the evolution and continuity of the repeating events, the SLVT station
operated by KOERI since 2008 is also used. The SLVT station is ~46km far from the
detected activity but is in the similar azimuth as SLVM. As the station SLVT is farther the
magnitude detection limit is higher and S/N is lower. However, some of the repeating

clusters with magnitudes > 2.5 has been successfully recovered.
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The template preparation step contains a routine that cuts waveforms around picks to
use as templates for earthquake detection by using cross-correlation. The whole process for
the template matching was performed by the MATLAB code used in Schmittbuhl et al.
(2016). As a result of this process, the search for the repeating events is extended to the
end of 2020. Consequently, more earthquakes that repeat themselves in the same cluster
have been found. Figure 5.1 shows the example of a template event used for the search the
repeater in this study. Figure 5.2 shows the E-W and N-S components of the 9 template

events from SLVM station used for the detection.

T

Figure 5.1. An example of three component template event from SLVM station (See

Figure 3.2 for the location of the station).
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Figure 5.2. Template events for 9 repeating clusters from SLVM station used for the
detection. E-W component (top) and N-S component (bottom). The numbers on the left of
the traces (red labels) show the recording date of the event. The traces are normalized by

their maximum values.

The detected 9 template events are search through the continuous data of SLVM and
SLVT stations. The detected events from each template are manually visualized for the

data quality and the event clusters of waveforms having CC>0.9 are formed.
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5.3. The Locations of the Repeating Earthquakes

In this study, 9 repeater clusters in the Central Basin were detected and analyzed
based on the template events of Schmittbuhl et al. (2016). The majority of the repeating
events has low magnitudes and recorded only by few land stations. Therefore, the location
uncertainties of the individual events were initially large. However, several OBS
campaigns with long observations periods recorded some episodes of the repeating events
in each cluster. The locations of the repeating events within each cluster have been
improved using the OBS stations and by applying cross correlation to the waveforms for

more accurate estimates of P and S arrival times.
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Figure 5.3. Spatial distribution of the repeating event clusters. Each cluster is shown with
different color. (a) Map view of the repeaters. (b) The depth distribution of the repeaters.
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Figures 3.10 and 3.11 show the located repeating events detected during the OBS
campaigns used in this study (See also Table 5.1 for locations). Figure 5.3 shows the
spatial distribution of each repeating cluster with different color. The clusters of the

repeating earthquakes are located at depths between 8-13 km.

5.4. Fault Mechanism Results for the Repeaters

The focal mechanism solutions of the detected clusters provide important kinematic
constraints on the mechanics of the creeping segment of the fault. The locations of the
repeating event clusters are aligned with the surface trace of the southern branch of the
Main Marmara Fault. Based on the waveform similarities and with the same first motion
polarities, the events in the same cluster can be considered having the same source
mechanism solutions. Therefore, composite source mechanism solutions are obtained using
the first motions of the events within the same repeater cluster. The fault mechanism
solutions are obtained from the first motion polarities of P wave for the earthquakes for the
detected 9 repeater clusters by using the SEISAN algorithm FOCMEC. Figure 5.4, 5.5, 5.6,
5.7, 5.8, 5.9, 5.10, 5.11 and 5.12 show the composite focal mechanism solutions of
repeating cluster 1, 2, 3, 4, 5, 6, 7, 8 and 9, respectively. The uncertainties are large as the
magnitudes of the events are small and the epicentral distances to the receivers provide
only a limited constraint. The composite solutions of 8 clusters of 9 indicate dominant
strike-slip mechanisms in accordance with the fault kinematics, which is demonstrated in
Figure 5.13. The cluster 5, denoted by purple shows almost pure normal fault solution and
the solution for the cluster 1 does not have unique solution showing both normal and

strike-slip mechanisms.
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Figure 5.4. Composite focal mechanism solutions of the events within the detected Cluster
1 of seismic repeaters. Compression (C) and Dilatation (D) quadrants are shown for the

lower- hemisphere projection of the focal sphere.
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Figure 5.5. Composite focal mechanism solutions of the events within the detected Cluster
2 of seismic repeaters. Compression (C) and Dilatation (D) quadrants are shown for the

lower- hemisphere projection of the focal sphere.
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Figure 5.6. Composite focal mechanism solutions of the events within the detected Cluster
3 of seismic repeaters. Compression (C) and Dilatation (D) quadrants are shown for the

lower- hemisphere projection of the focal sphere.
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Figure 5.7. Composite focal mechanism solutions of the events within the detected Cluster
4 of seismic repeaters. Compression (C) and Dilatation (D) quadrants are shown for the

lower- hemisphere projection of the focal sphere.
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Figure 5.8. Composite focal mechanism solutions of the events within the detected Cluster
5 of seismic repeaters. Compression (C) and Dilatation (D) quadrants are shown for the

lower- hemisphere projection of the focal sphere.

2012 3251745 58.60L 40.821 27.967 7.3FFHKR 29 0.4 2.0LHKR 3.3CHKR 2.2CNET
STR DIP RAK

17 44 22

343 44 -21 N

50
46 9
349 85-29
167 76 -26
350 88 10
350 82 -5
170 81 3
350 90 O

c -
C TEP YNKM D
C MAO4 CRLT D
C VEL MAO1 D
C MAO MAO2 D

Figure 5.9. Composite focal mechanism solutions of the events within the detected Cluster
6 of seismic repeaters. Compression (C) and Dilatation (D) quadrants are shown for the

lower- hemisphere projection of the focal sphere.
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Figure 5.10. Composite focal mechanism solutions of the events within the detected
Cluster 7 of seismic repeaters. Compression (C) and Dilatation (D) quadrants are shown

for the lower- hemisphere projection of the focal sphere.
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Figure 5.11. Composite focal mechanism solutions of the events within the detected
Cluster 8 of seismic repeaters. Compression (C) and Dilatation (D) quadrants are shown

for the lower- hemisphere projection of the focal sphere.
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Figure 5.12. Composite focal mechanism solutions of the events within the detected
Cluster 9 of seismic repeaters. Compression (C) and Dilatation (D) quadrants are shown

for the lower- hemisphere projection of the focal sphere.
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Figure 5.13. Seismicity distribution and composite focal mechanism solutions of the
repeating event clusters in the Central Marmara. The green circles show the locations of
the seismic repeaters. The mechanism of normal faulting of the Repeater Cluster 5 is

shown by purple.
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Table 5.1. The locations of the repeating earthquake clusters and the uncertainties of the

calculation for dip, strike and rake calculations.

Num.
Lat. | Lon. I:()Ifrat)h Dip | Strike | Rake ofpol UnceDritginw Unigritlaj?nty Unge?!c(aeinty
Rep.Clus. 1 40.8 2804 9 5768 1711 756 35 2.69 0.39 5.24
Rep. Clus. 2 40.81 28.04 9.6 78.07 189.7 -136 31 5.97 0.8 7.02
Rep. Clus. 3140.803 28.04 95 |51.44 1712 -19.64 19 16.13 9.69 14.4
Rep.Clus. 4| 408 28.08 9.7 68.17 166.3 1646 41 12.64 4.25 4.18
Rep.Clus.5| 4081 281 84 | 431 132 -7554 23 3.26 3.66 2.4
Rep.Clus. 6 408 281 9.6 7852 3581 -2527 26 2.75 0.9 1.87
Rep.Clus. 7| 4081 27.97 7.7 6549 346 -2405 13 6.51 2.67 491
Rep.Clus. 8| 40.8 28.06 9.3 |78.04 270.2 -2337 17 5.07 26.29 3.73
Rep.Clus.9 | 4581 281 | 93 56.92 1785 -10.07 27 473 3.44 3.94

Table 5.1 shows the uncertainty results for the calculated dip, strike and rake
estimations. In general, the repeater clusters show acceptable uncertainty for the estimation

of fault mechanism.

5.5. Recurrence Time Intervals of the Repeating Events

The recurrence interval is an important criterion that should be taken into account
while making the assessment for the repeating earthquakes (Chen et al., 2007; Chen et al.,
2013; Uchida, 2019). Nadeau and Johnson (1998) have observed a scaling relationship for

repeating earthquakes in California as;
T, ~ M/ (5.4)
where T, denotes the recurrence interval and M,, is seismic moment.

Here, the loading rate controls recurrence time (T,) and it is possible to mention

about a particular statistic that log (T,.) proportional to log (Mé/ 6). This observation is also
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supported for the repeaters in Taiwan (Chen et al., 2007), which indicates the repeaters are
associated with the rates of tectonic loading. This makes repeaters a useful tool for

measuring slip directly on the fault.

In Figure 5.14, the comparison for the relation between recurrence time (T,) and
seismic moment (Mo) for the repeating earthquakes occurred in different countries
including Taiwan, USA (San Andreas Fault) and Japan can be seen.

(a)
2.5 1 1 1 1 1 L 1 1 1 2
2.0 -
1.5 1 =
1.0 .t !

0.5 - " s P ) A O I
0.0 It Ay '
05 ’
1.0 +—r— — —— ;

14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

log Mo (dyne-cm)

log Tr (yr)

(b)

Sequence Magnitude

Number Range COVinTr
A sAF-Parkfield 1 M6 0.37
® SAF-Stone Canyon 8 M35-49 0.31
®  SAF-Parkfield 53 M-0.7~14 0.40
o M 7.4 0.22

Japan-off-Miyagi 1
O Japan-off-Kamaishi 1 M4.8 0.04

Japan-off-Kamaishi 1 M 3.6 0.23
Japan-off-Kamaishi 1 M 2.5~2.7 0.44
Japan-off-Kamaishi 1 M 2.3~2.6 0.16
Taiwan-Chihshang 30 M23=34 032
Taiwan-Hualien 25 M 2.3~4.6 0.37

Figure 5.14. (a) The comparison for the relation between recurrence time (7,.) and seismic
moment (Mo) for the repeating earthquakes occurred in different tectonic environments. (b)
the number of repeating sequences, magnitude range, and coefficient of variation (COV) in

recurrence intervals for different regions (after Chen et al., 2007).

Chen et al. (2013) questioned how triggered earthquakes affected the process of the
selection of repeaters. For this reason, they assessed the relationship between the

recurrence interval change of the events and the nearby seismic activity. Below, Equation
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(5.5) gives the coefficient of variations (COV) for an earthquake sequence. Here, this
equation calculates the standard deviation of the recurrence intervals divided by their

mean.

[EN,(Tyio TH?/N
Ccov= (5.5)

Tr

In Equation (5.5) given above, T, indicates the mean duration. N denotes the
recurrence intervals of a sequence. Here, a COV value means perfect periodicity if it is O.
If COV value is near to 1, it is consistent with Poissonian distribution. If it is larger than 1
then it reflects temporal clustering. The COV value of 0.5 has been found for the repeating
natural earthquakes (Ellsworth et al., 1995). On the other hand, the regular events have
generally COV value of ~1, complying with Poisson distribution which usually indicates

the random earthquake sequences (Chen et al., 2013).

Generally, the repeating events can be categorized into two types relative to their
pattern of the recurrence interval. Those having short repeat times can be classified as
“transient repeaters” as also pointed out by Schmittbuhl et al. (2016). Transient repeaters
may include the earthquake swarms and series of foreshocks, aftershocks and mainshocks.
The other type of the repeaters is the long-lasting repeaters occurring in a time intervals of
months and years.

5.5.1. Temporal Evolution of Detected Seismic Repeaters

The recurrence time intervals for 9 near-repeating earthquake clusters detected from
SLVM and SLVT stations between 2008 - 2021 can be seen in Figure 5.15. Each cluster is
represented by different color. The event interval times within the same cluster are varying

significantly from 5 minutes to 9 months.
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Figure 5.15. Demonstration of the recurrence time intervals of the near-repeaters acquired
in this study from 2008-2021.

Here, the short-term repeaters can be considered as the aftershocks or the foreshocks
of the largest events and obey the similar laws as regular earthquakes, e.g., Gutenberg-

Richter and Omori law.

5.6. Spectral Analysis of the Repeaters

5.6.1. Seismic Source Model

The rupture parameters of the repeating events, such as magnitude, rupture
dimensions, stress drop, can be estimated using various formulations of earthquake source
(e.g. Brune, 1970; Abercrombie, 1995; Talebi and Boone, 1998; Stabile et al., 2012; Zollo
et al., 2014). It is possible to calculate these parameters by utilizing displacement spectrum
of P and S waves (Godana et al., 2015).

The seismic source model defined by Brune (1970) is commonly used for the
earthquakes for the regions having different tectonic settings. The displacement spectrum
given in Figure 5.16 represents a seismic source model which has been based to this study
to calculate the seismic source parameters of the repeating events (Schmittbuhl et al.,
2016).
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Figure 5.16. The displacement spectrum of seismic source model (after Eaton et al., 2014)

The seismic source spectrum is defined by Brune (1970),

1+ (p)? (5.6)

where fc is the corner frequency of seismic source.

In this study, the spectra of the repeaters were obtained using the S wave of the
waveforms for the time window of 0.7 sec. Figure 5.17 shows the calculated spectra for the

repeaters. The spectra give a corner frequency of about 13 Hz as seen in Figure 5.17.
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Figure 5.17. Left: the spectra of the E-W component waveforms detected in Cluster 1 at
SLVM station. Each spectrum is normalized by its average value between 1-5Hz. Right:

Signal/Noise for the spectra of the signal and noise windows.

Here, it should be noted that the distance between the micro-events and the SLVM
station, which is about 30 km, and station site attenuation led to loss of high frequencies

(>15 Hz) of waveforms. Therefore, no additional filtering was needed.

5.7. The Fault Slip Estimation Using Repeaters

The relationship between area and the moment of the source, independent from the
location and depth, has been given in Nadeau and Johnson (1998). This relationship shows
that the earthquakes have a linear relationship between their area and moment in
logarithmic scale, which has been inferred from the observations from the earthquakes.
Furthermore, the slip values (d) of the repeating events display a linear relationship with
the moment (Mo) (Figure 5.18).
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Figure 5.18. The relationship between the area (A), slip (d) with the seismic moment (Mo)
in logarithmic scale. Left shows the relation of the area (A) versus moment (Mo). Right

indicates relationship of slip (d) versus seismic moment (Mo) (Nadeau and Johnson, 1998)

The empirical relationship suggested by Nadeau and Johnson (1998), has been built
using geodetic creep rates and the moment release rates of the repeaters in Parkfield and

Stone Canyon.
d=1023¢M317 (5.7)
where d is slip (cm) and Mo is seismic moment (dyne.cm).

On the basis of Equation (5.7), the scaling between recurrence interval and seismic

moment, T, _ M_/® has been inferred. It is important to realize this relation differentiates

from the relationship of T, _ M(l)/ 3 derived from the accepting constant stress drop for

regular earthquakes (Nadeau and Johnson, 1998). In other words, the recurrence intervals
T, for the repeating sequences, especially for small ones, display a scaling with Mé/6 , as
observed in Chen et al. (2007), Lengline and Marsan (2009); Nadeau and Johnson (1998).
However, the recurrence interval or the slip of the events have a scaling relationship as T,. _

M3/3 when assuming a constant stress drop which is magnitude-independent (e.g.,



67

Allmann and Shearer, 2007, 2009). In this case, the ratio of slip of each event to the long-
term slip rate is equal to the recurrence interval of the events if the earthquakes give the
sum of all the slip on the fault zone (Williams et al., 2019). This has been expressed as in
Equation (5.8) in Chen et al. (2007) for the Parkfield case.

pror — _TexVe_
nor —
Vparkfield

(5.8)

where T°" is normalized recurrence interval, T, denotes the recurrence time inerval of the
events, V¢ long-term average slip rates derived geodetically and Vp, kfielq = 2.3 cm/y is

the loading rate assumed as a reference value (Chen et al., 2007, Uchida, 2019).

Besides the relationship of Nadeau and Johnson (1998), Beeler et al. (2001) has put
forward the equation for the total slip amount estimation of repeating earthquakes, by
taking effect of the aseismic slip in an earthquake cycle into account. The expression that

calculates the aseismic slip for each earthquake cycle proposed by Beeler et al. (2001) is;

d= A& L(%)% + 1] (5.9)

1.81pn \ A8 C
where p is rigidity, Aé is the stress drop and C denotes the strain hardening coefficient.
An alternative way, similar to regular earthquakes, is to use the standard crack model
for the estimation of slip by assuming constant stress drop. This standard calculation has

been used to compute slip of the nearly repeating events with irregular recurrence intervals
(Schmittbuhl et al.,2015; Yao et al., 2017).

d= (5.10)

where a 1s the crack radius.

Here, the crack radius can be obtained from the equation by assuming a constant
stress drop, as in Eshelby (1957), on the basis of the relationship between seismic moment
(M,,) and source radius (r) (Uchida, 2019).
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The seismic moment can be estimated using the relationship suggested by Hanks and
Kanamori (1979).

logM, = 1.5M +9.1 (5.12)

Figure 5.19 demonstrates the moment magnitude and slip relation for the three

models that are commonly used.
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Figure 5.19. Magnitude and slip relationship between three slip models given by
Equations (5.10), (5.11), (5.12) (after Uchida, 2019).

Depending on the selection of which model is used, there may be differences for
estimation of slip from the repeaters, which will actually result in discrepancy of
magnitude more than an order despite their dependency on the constants and magnitudes.
In the study of Igarashi et al. (2001), Nadeau and Johnson’s relation, which is shown by
red in Figure 5.19, resembles each other for the magnitude ranges between 2.5 and 5.0 for
Tohoku Earthquakes for the suitable C values changing between 0.5 — 1.0 MPa/cm. Based
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on the assumption of a constant stress drop, Beeler’s model seems to be close to the
standard crack model. However, this model gives larger slip values for especially small
events depending on the C values. On the other hand, the crack model may yield smaller
slip values for the events M < 3. Yet, these relationships show similar spatio-temporal
behavior if the repeaters’ magnitude-ranges are not large (Uchida, 2019).

Here, the calculations were made on the basis of the connection between the seismic
moment (Mo) by Keilis-Borok (1960), with given in Nm, moment magnitude (Mw) by
Hanks and Kanamori (1979) and the source radius (R), which are given in Equation (5.13),
Equation (5.15), and Equation (5.16), respectively.

__ 4mpvi0,
0™ G(r) Rg,C

(5.13)
where p is the density, v is wave velocity, Qo is low frequency level, G () is geometrical

spreading, Roo is radiation pattern and C is free surface correction.

Geometrical spreading, which is denoted as G(r), is also an important function that
changes depending on the distance and the depth. Therefore, it can be expressed as below
at local distances for body waves,

1 1
ey (5.14)

G(4,h) =

where A denotes the epicentral distance (m) from station to earthquake and h denotes the

hypocentral distance (m).

Reoe indicates the correction for the radiation pattern for P and S waves. This value
has been admitted as 0.4 for P waves by Wyss and Brune (1968), while it has been used as
0.63 for S waves by Boore and Boatwright (1984).

In Equation (5.13), density of the region, denoted by p, was assumed as 2.6 g/cm?®.
Also, the seismic moment, Mo is defined in Nm that is equal to kg. (m?sec?) unit when Q,

is in meter.sec unit, v is expressed in m/sec and p is kg/m®.
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Mw = 2log M — 10.73 (5.15)

The source radius (R) values were estimated using the corner frequencies acquired

from the calculated spectra.

R="s (5.16)

In Equation (5.16) given above;
r = source radius
Vs = shear wave

fc = corner frequency

To sum up, the process of the calculation of slip follows the estimation source size
from the Brune’s circular crack model by determining the corner frequencies and

computing the slip values from their relation to the rupture area.

In Equation (5.16), k value depends on the type of the spectra used. For a dynamic
circular crack using constant rupture velocity, Madariaga (1976) determined k=0.32 for P
waves and k=0.21 for S waves for a rupture velocity Vr=0.9.Vs (Wang and Day, 2017). In
this study, in the calculation for the slip, k value was taken 0.21 for S- waves for a rupture
velocity of V,=0.9Vs,

As also specified in Section 5.4, the source slip area of each repeater, to check
whether they overlap with each other or not, can be estimated using the link between the

seismic moment and the source radius.
AU= M,/muR? (5.17)
Here, the source slip can be estimated using Equation (5.17), where the shear

modulus (u) is taken as 35 Gpa. The corner frequency values that are indicated as 13 Hz

from the spectra were used to calculate the slip.
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5.7.1. Slip Rate Estimates from Nearly Repeating Events

Figures 5.20 and 5.24 show the waveforms of the repeating event waveforms
detected at SLVM station between 2008-2018 for the Cluster 1 and 3, respectively. Two
clusters (Clusterl and Cluster 3) have the largest magnitude repeating events, therefore
also detected at SLVT station, ~46 km far from the epicenter of the events (Figure 5.22 and
5.26). The data continuity of the SLVT station after 2018 allows to track the repeaters
from these two clusters. It is worth noting that number of repeating events detected at
SLVT station was significantly decreased after 2018 (Figure 5.22 and 5.26) and only two
repeating events during 2020 are detected for two clusters. During 2019, no repeating
event is detected at any cluster. Whether this is due to the detection threshold of SLVT

station is unclear.

Figure 5.21 shows the analysis of the Cluster 1, which is the most complete event set
detected in this study as it contains largest magnitude events. The signal quality is good for
all 3 components. The maximum magnitude is 2.7 but 7 events with magnitudes 2.5 or
larger are detected between 2008-2018 from SLVM station (Figure 5.21). Similar
observations are displayed for the same cluster using SLVT station in Figure 5.23. On the
top panel of Figure 5.21 and 5.23, the daily and cumulative seismicity along the MMF is
displayed. The large magnitude earthquakes on the cumulative plots with aftershock
decays can be clearly recognized on these plots. No correlation was found between the
occurrence of seismic activity in the Marmara Sea and the timing of the repeating events.
Although the repeating events are sometimes associated with short-term repeating events
and regular seismic activity, no triggering activity is observed due to the earthquake
activity in the area. The cumulative slip obtained from the waveforms recorded at SLVT
stations between 2008-2020 is smaller than the slip obtained from SLVM station (Figure
5.25). This is possibly a result of the undetected repeaters at SLVT station compared to the
detections at SLVM station.

Figures 5.25 and 5.27 show the analysis of the Cluster 3 from SLVM and SLVT
stations, respectively. Cumulative slips over the observation period are lower than the
cumulative geodetic slip. The number of detected repeating events from SLVT station

significantly decrease after 2018.
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Figure 5.20. The repeating waveforms detected in Cluster 1 from the SLVM station
between 2008-2018: vertical (top), N-S (middle) and E-W (bottom) components. Traces
are normalized by the maximum value of each trace. The numbers on the left of the traces
(red labels) shows the recording date of the event. The numbers on the traces of the E-W

components shows the moment magnitudes of each event.
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Figure 5.21. The analysis of E-W component of repeating events of Cluster 1 detected at
SLVM stations shown in Figure 5.20. Top: Cumulative and daily seismic activity. Middle:
The magnitudes of the repeating events in time. The data continuity of the SLVM station is
shown on the top of the middle frame (blue). Bottom: Cumulative slip computed from the

repeating events shown in the middle panel (blue) and the cumulative geodetic slip

computed with a rate of 23 mm/year (red).
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Figure 5.22. The repeating waveforms detected in Cluster 1 from the SLVT station
between 2008-2020: vertical (top), N-S (middle) and E-W (bottom) components. Traces
are normalized by the maximum value of each trace. The numbers on the left of the traces
(red labels) shows the recording date of the event. The numbers on the traces of the E-W
components shows the moment magnitudes of each event.
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Figure 5.23. The analysis of E-W component of repeating events of Cluster 1 detected at

SLVT stations shown in Figure 5.22. Top: Cumulative and daily seismic activity. Middle:

The magnitudes of the repeating events in time. The data continuity of the SLVT station is

shown on the top of the middle frame (blue). Bottom: Cumulative slip computed from the

repeating events shown in the middle panel (blue) and the cumulative geodetic slip

computed with a rate of 23 mm/year (red).
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Figure 5.24. The repeating waveforms detected in Cluster 3 from the SLVM station
between 2008-2018: vertical (top), N-S (middle) and E-W (bottom) components. Traces
are normalized by the maximum value of each trace. The numbers on the left of the traces
(red labels) shows the recording date of the event. The numbers on the traces of the E-W

components shows the moment magnitudes of each event.
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Figure 5.25. The analysis of E-W component of repeating events of Cluster 3 detected at
SLVM stations shown in Figure 5.24. Top: Cumulative and daily seismic activity. Middle:
The magnitudes of the repeating events in time. The data continuity of the SLVM station is
shown on the top of the middle frame (blue). Bottom: Cumulative slip computed from the

repeating events shown in the middle panel (blue) and the cumulative geodetic slip

computed with a rate of 23 mm/year (red).



78

201 N\pestatenns o ammm AP AN SN A A A ATt AN VP AT S S A A A A Ao
zmsuszh-u—WMwwwwWw-menwijANWWAWuwmwww
20180528 YA A AN AR A AN A AN AR | VA P A A A A AN AR AR AN\ AP Pt s
20161212 ot Y e AN PN A A U/ AP PAM A sl M o A i A A A AL AR S AT AN
201612 | A Ao A A DA A AR IS S A I N A e s A A A S A ABApa Armrmn,

s AN 9, AN A AN I AN S AP AN A A A A AN AAA At S AR S AN S,

Y
20161 A v v

2016031 1 AN AL A AU AU AL AN NV A AVAAA At A A A AR A
2015071 T e A A A Y A PV VAU A AL S A N i o N P b e
201507 1 T VM A A ARt b A AV A IV LA P A A IS AN AN AA g NN\ o e
201401 09— P A st A Ao MR VA A IV A AP P AL A A At At A\ A e e
20 a0 Y e A Aot A AN A AR A A AN AP N A A A e S AP AN
20 gt VoA msn A AU A AN I AN IAI SN PYR AT M S AR AN AN A A S P
EﬂwwwhNAMMWM*wWWWVWWWMWWANMMWNMW\NMM/WvW«W—A
201301 28—\t m A AR et AN | A S ATA A A AN A AU At et A AN N St s s
207120805 YA A A A A AN AL P A A A A A A N Ao Ap N P e P e e

2011080

MWWWWWMWMW
20110804\ A A et A e A\ | VAN AAIN S MR I A At et N A S A s s
. N Armaninn Vit A U A A N A A A AU Y AR A A s A s A S At A s

20
2008 1 227 MR A A SV A A AN A A | At | [V S A A AR A AN A AN A A e g NN\ i o e

2008122

2015071
2015071 e eI AP I AA LA P RN AP - PPN ANAAN N AP A SN PAAN e oA AP P
201401 08— et A e M AN A LA A A At AN At AN NN AL AN E N JAANA A~ i
201 3002 e e A A e e~ i e e P AT A PN S fm I\ Pt P AN A AN I NSNS N f N A e N P
2013082t At o o AT A SN ARN e AP o AN A AP IANPN n NdA F p me $ P\ it

20 e el AR AT AR AP A A A AN e A PP P
201301 28 A i ot Sl MU AT AN AP AN A NS SN\ NS St e i
2012 A | M A A AN A A A A PPN AIN A VAN VN AN o A P ANA A
2011 AP AN AA AN AAAAN AN A AN AN U A A A
2011 T e A A A
20 e e 1A A e B T e e e
2008122 A A A A AN R VAN AN AT AN AN A YA e e
2008122 WWWWWMMMM,ANMW
200 e A N B AN A A AP PN A A BN SN A W PN P AP PP e
200801 09— e A MNP TAASAAA PSP AN AN A N A e AP
20080
20080108 o - J - N ~

o 2 a 6 8 10 12 14 . 18 20
20200410 MH=252 )\ A A A A A A A A A A A A e
20 Mw=1.59 | A A A A A A A A A s At A e e A oo
20 14,2235, e | T
20161212 Mu=1.91 | A A A A A A A A A A A A A e e e e

2016121 2Mu=156 WWWWW/MW{WNWVMW
EDIEIZ1MWWW—WMMWWWWWW~W
2016091 T MMRROT e | | VA A YA A A A A AN A A A A A e e e
2015

071 ML AN e s et A AP iAottt Bttt
2015071 1 a5 YA AN AP A A A AP AN P AP At e e i
. Mws186 e | A AN A A AP AN AN AN Ao At e e Ao
20 Mw=z 48 | | A A A A A A A A A AN A A A A A e
20130424 M1 6: e VA A YA A A 8 A A Ao A AR A S S\ Aot A e e s e e
2013030 =

POIBIZEMMELAD A A A A A A A A A A A A e A
s

201 20505 Mumt AN A A PPN . .
20110804 M= 92 MWWWW’MMMMWW
20110804 Mw=213 e I M A N A A A A A AL A A At A e
20081227-Mu=1.48- A A N A A A e A AN A e PNt e o P i
20081227-Mw—t 81 A s A A A A s A A A A A A A A e A
200

&
Biaaaiy) i arsrrarae e

o z P} 6

Figure 5.26. The repeating waveforms detected in Cluster 3 from the SLVT station
between 2008-2020: vertical (top), N-S (middle) and E-W (bottom) components. Traces
are normalized by the maximum value of each trace. The numbers on the left of the traces
(red labels) shows the recording date of the event. The numbers on the traces of the E-W

components shows the moment magnitudes of each event.
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Figure 5.27. The analysis of E-W component of repeating events of Cluster 3 detected at

SLVT stations shown in Figure 5.26. Top: Cumulative and daily seismic activity. Middle:

The magnitudes of the repeating events in time. The data continuity of the SLVT station is

shown on the top of the middle frame (blue). Bottom: Cumulative slip computed from the

repeating events shown in the middle panel (blue) and the cumulative geodetic slip

computed with a rate of 23 mm/year (red).
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5.8. Comparison of the Results with the other studies on Repeating Earthquakes

in the Marmara Sea

In this study, 9 repeater clusters were found in the Central Basin using the continuous
data recorded at SLVM and SLVT stations between time period from 2008 to 2020 using
the template matching method. The same template events are used as Schmittbuhl et al.
(2016) so that the repeating events found in this study can be considered as the
continuation of the results by Schmittbuhl et al. (2016). The precise estimates of the
locations of the repeating events using only OBS data improves kinematic constraints on
the geometry of the creeping segment of the MMF. The continuity of the repeating events
for 13 years clearly indicates continuous unloading of the same zone through time and is

evidence that the Central Marmara region has fully or partially creeping behavior at depth.

The results from the extensometer data given in Yamamoto et al. (2017) and (2019)
suggests a partial creeping close to the location of the repeaters found in this work with a

slip observed of about 8-11 mm/yr and 10.7 + 4.7 mm/year, respectively.

The standard approach for the confirmation of the earthquakes to be repeaters is
recurrence intervals. As also discussed in Section 4, the repeating events usually follow a
standard pattern in terms of their recurrence intervals of time. However, the repeaters that
were acquired during the study does not confirm a certain pattern, which was also seen in
Konca et al. (2021). The repeaters showing high similarity concerning their waveforms
with variable magnitudes and recurrence time intervals have been referred as “near-
repeating events” by Shaddox et al. (2021) as also mentioned in the Chapter 4. The
repeating earthquake pattern obtained in the thesis seems more compatible with this new
terminology: “near-repeating events”. These events were interpreted as the signature of the
aseismic transient slip, which may show faulting complexity during aseismic slip, as
Shaddox et al., (2021) pointed out. On the other hand, Lengline and Marsan (2009)
highlighted that partial rupture of the same earthquakes or the separate asperities close to
each other caused short-term repeaters, near Parkfield and the locations of these events are
actually not firmly clustered. On the other hand, the repeating events that were named as
“near-repeaters” may have resulted from the complex structure of the faults that affect the

asperities on the fault zone producing these events.
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A study carried out by Bohnhoff et al. (2017) reported 2 repeater pairs in the Central
Basin and Western High Cluster. The repeater events found in that study have a magnitude
of about 2.8 and a recurrence period of up to 38 months. The magnitudes of the events are
larger than M=2.2.

Recently, Uchida et al. (2019) claimed to observe the repeaters in the Marmara Sea
based on hypocenter locations or the similarity of waveforms. The study indicated that
there are repeating earthquakes grouped in 9 sequences with magnitudes changing from 2.3

to 3.2. The 7 sequences of these events were located in the Central Basin on the MMFZ.

The other two sequences given by Uchida et al. (2019) were located in the west and
the east of the (close to the boundary of the rupture caused by 1999 Izmit and Diizce
earthquakes. The recurrence interval for these events was reported to range between 12-72
months for a 8.2 year period. The total cumulative slip was calculated as 3.6 cm/year for

all clusters.

Figure 5.28 shows the locations of the 7 repeating clusters detected in the Marmara
Sea. Uchida et al. (2019) used event waveform catalog of Kandilli Observatory and the
stations used in their work are quite far from the clusters. They only used the data between
2005 and 2013 and the detection magnitude limit of the event waveform catalog is
relatively high. From these clusters, 5 of them are located within the Central Basin. The 5
clusters in the Central Basin displayed in Figure 5.28 are the same clusters as detected by
Schmittbuhl et al. (2016) and this study. However, the locations of these clusters in Figure
5.28 are significantly different from this study. In this study, these clusters’ locations are
highly accurate from the OBS data between 2014-2016 as the repeating events in these
clusters are also determined during this time period. Therefore, it is clear that the repeater
clusters displayed in Figure 5.28 do not spread into such large area but locally more
concentrated. The slip rate estimated using the repeaters by Uchida et al. (2019) is ~3.6

cm/yr which is not sensible relative to the geodetic rate (~2.5 cm/yr).



82

41°

40.5°

| Tekirdag Basin | Central Basin | Kumburgaz Basin | Cinarcik Basin |

0 e L

Depth (km)

-20 L L L L L L L L L L L L L L L L L L BB B

275 28.0 28.5 29.0
Distance (Degree)

0 e o o o L L

E 1 , C
X ] ) -
= ] O ¢ [~
o -10 o] ‘;@s i -
= ] i C
5 o e g8 :
8 1 Do o g"fg :

1 Oeo "o ad%q,ogﬁoc B

] O °8& g L Ce g B

27.5 28.0 28.5 29.0
Distance (Degree)

Figure 5.28. The comparison of the microearthquake locations of the current study and
Yamamoto et al. (2017). The red circles denote the locations from the present study. The
black circles indicate the results of Yamamoto et al. (2017). Green circles show the
repeaters obtained in this study. Orange dots denote the repeater found in Uchida et al.
(2019). The black line denotes the locking depth given by Schmittbuhl et al. (2015). Top:
The horizontal distribution of the earthquake locations. Middle: The depth section
obtained in the thesis. Bottom: The depth section depicting the depth results from
Yamamoto et al. (2017) with the hypocentral locations of the repeaters from Uchida et al.
(2019).



Table 5.2. The methods for the slip estimations of recent studies in the Marmara Region

Studies on Repeating
Events in Marmara Sea

This Study

Uchida et al. (2019)

Bonhoff et al. (2017)

Schmittbuhl et al.
(2016)

Method Used for

Search of Repeaters window

Template matching at
a target station-CC
>0.9

Hypocenter
calculation

Hypocenter
calculation

Template matching at
a target station - CC
>0.9

Time

0.7 sec

40 sec

240 sec

15 sec

Magnitude
Range

0,2-33

2,3-3,2

2,8

1.3-1.8

Recurrence
Interval

Semi-periodic
and aperiodic; 5
minutes (for
short- term) and
~ 9 months
(long-term)

12-72 months

12 - 38 months

7.6 months

Range of
Frequency

1-15Hz

2-10 Hz

3-23 Hz

1-10 Hz

Slip estimate formula

Analysis of spectrum based on
crack model

Nadeau and Johnson (1998)

Assuming slip value based on
crack model from magnitude of
repeaters

Analysis of spectrum based on
crack model
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Table 5.2 presents a comparison for the slip estimation methods from recent studies.
The Figure 5.28 given above shows the location of the repeaters found by the current study
and Uchida et al. (2019).
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6. DISCUSSION

6.1. Interpretation of Microseismicity in the Marmara Sea

The unbroken segment of the NAF in the Marmara Sea has been investigated since
1999 izmit earthquake using various systems and methodologies (Armijo et al., 2005;
Parsons et al., 2000; Ergintav et al., 2014; Hubert and Ferrari et al., 2000; Schmittbuhl et
al., 2015; Klein et al., 2017) and this section has been monitored, especially, since 2002 by
local seismic networks (Barig et al., 2002; Ito et al., 2002). The segment expected to
rupture holds ~120km of length, potentially generating an earthquake of Mw 7.0-7.4. The
precise estimate of the magnitude depends on the extent of the 1912 Miuirefte earthquake
(Aksoy et al., 2010) in the westernmost part of the MMF as well as on the seismotectonic
attributes of the fault. Two of these important attributes are seismogenic zone’s thickness
and the creeping sections’ lengths. As the fault’s unbroken segment is totally under the Sea
of Marmara, the seismological observations are key to determine the geometrical and

kinematic parameters.

This study provides more accurate estimation of the seismogenic zone and the
geometry of the active segments of the MMF based on the data from highly dense
networks of Ocean Bottom Seismometers. Furthermore, the monitoring of the seismic
repeaters with more precise locations and focal mechanism solutions are extended to the
end of 2020 following the work of Schmittbuhl et al. (2016).

The relocation results of the micro-events of this study indicates a diffuse seismicity
starting at 7-8 km depth and reaching 18 km in the Tekirdag Basin. The low seismicity
rate in this section at depths shallower than 7-8 km can be an indication of a locked fault.
This area of the MMF down to the 10 km has also been defined as aseismic by Wollin et
al. (2018) from onshore seismic data. Also, Yamamoto et al. (2020) attributed this low
seismicity zone, extending to about 11 km below the surface, as a region that carries a
potential of producing an earthquake. The slip deficit rates given in Ozbey et al. (2021), on
the other hand, is about 12 mm/yr for this region from surface to 10 km, showing a

partially locked zone. To the east, at the Western High, the seismicity starts at shallower
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depths, which is defined as a zone of transition to Central Basin, the seismic activity is
highly localized. Yamamoto et al., (2019) found 10+4.7 mm/yr slip rate around 27.7° E
from the extensometer observation and interpreted this area as partial creeping zone to a
depth of ~ 8 km. The Central Basin has an intense seismic activity compared to the other
segments of MMF. The relocation results highlight seismic activity emerging at the
shallow depths, starting at 3 km. Recently, the modelling results of Ozbey et al., (2021)
also indicate creep to the west of 28.2° E whereas locked areas are present in the eastern
sections with different locking depths, based on GPS velocities merged with the seafloor
geodetic observations. Ergintav et al., (2014) pointed out the presence of the aseismic
creep based on low slip deficit rate in the Central Basin, which is in accordance with the
results of this study. Furthermore, the areas with intense seismicity rate correlates with the
results of the 3-D modelling of the Yilmaz et al., (2022) in the Marmara Sea by utilizing
the GPS observations, depicting the existence of the creeping zone in the Western High
and the Central Basin. Here, the high seismicity rates in the creeping zones and the low
seismicity rates in the high coupling areas are backed up by the findings of the GPS studies
such as Ergintav et al., (2014) and Ozbey et al., (2021). The results for the Kumburgaz and
the western part of Cinarcik Basin display different behavior from other segments of MMF
in terms of the seismic activity rates. Between the 28.2-28.6E the seismicity is
concentrated between 5-18 km depth, with decreasing seismicity rate to the east. Offshore
geodetic measurements of baseline changes together with the observations of sparse
seismicity showed that this segment (28.0° - 29.0°) is locked at least down to 3 km (Lange
et al., 2019), which agrees with the sparse seismicity of this study. This section is also
proposed to be locked down to 10 km by Ozbey et al., (2021), which is defined as Istanbul-
Silivri Fault segment.
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Figure 6.1. The seismicity map (top) and depth (bottom) sections from this study (red
circles). The yellow circles show the aftershock locations of 2019 Mw5.8 Silivri
earthquake (Karabulut et al., 2020).

The most interesting seismic activity on the MMF since the 1999 Izmit earthquake
occurred on 26 September 2019 with Mw5.8 Silivri earthquake. The earthquake occurred
at the transition between the Central Basin and Kumburgaz Basin and on the northern
branch of the MMF. The seismic activity on the ruptured fault was not detected prior to the
earthquake from the regional catalog. However, the seismicity detected from the OBS
array of this study clearly detected seismic activity on the ruptured fault (Figure 6.1). It is
worthwhile to point out that the depth of the seismic activity during the OBS campaign
takes place at depths shallower than the activity during 2019. Therefore, it is clear that the
OBS based earthquake location illuminates the fault activity which cannot be detected

from the land-based observations.
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6.2. Near-repeating Events in the Marmara Sea

The identification of the creeping segments along the MMF is critical to determine
rupture extends of a fault rupture and the lack of near field observations due to the
Marmara Sea highlights the importance of seismological observations related to the
seismic events indicating creeping sections of the fault. The detailed search of seismic
repeaters in the Marmara Sea indicated that the Central Basin is currently the only place
which hosts these observations. The repeating events of 9 clusters detected in this area by
Schmittbuhl et al., (2016) between 2008-2015 is extended in this study to the end of 2020.
The locations and the focal mechanisms of these clusters are improved with the availability
of the OBS data.

The seismic repeaters, as observed in different tectonic settings (Nadeau and
Johnson; 1998), Duverger et al., 2018; Chen et al., 2008; Dominguez et al., 2016; Uchida
et al., 2003), with their constant recurrence times and similar magnitudes, provide an
accurate computation of slip rate of a creeping fault. However, nearly repeating events do
not have such simplicity. The seismic events which are related to the creep can be
attributed to the near repeating events that are not periodic, have variable magnitudes and
closely located (100-500 m), as introduced by Shaddox et al. (2021). The near-repeating
earthquakes tend to occur in the areas of aseismic slip and of transition zone between
seismic and aseismic slip, where the seismicity rate is high (Chalumeau et al., 2021). So,
the transition zone between creep and locked areas can be associated with the near
repeaters, as well as the slip transients in the Marmara Sea. Hence, the presence of the

near-repeaters in the Central segment in Marmara Sea is an indicator of an aseismic slip.

Both long term and short term nearly repeating events are observed in the Central
Basin of the Marmara Sea. The observed short-term near-repeating events can be
interpreted that the whole asperity may not be broken; or the near repeaters may also be
result of the failure of the small different asperities which are close to each other, as
proposed by Lengline and Marsan (2009) in the Parkfield section of the San Andreas Fault.
On the other hand, the long-term near-repeating earthquakes (Cluster 1 and 2) shows semi-
periodic intervals. The slip rate computed from the Cluster 1 is found to be close to the

geodetic rate. However, the slip rates estimated from the other clusters are lower than
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geodetic rates. It is likely that closely located asperities responsible for each repeating
event cluster in the creeping zone slip with different rates. As the whole region containing
the asperities should slip with the geodetic rate, the clusters with lower slip rates should be
compensated by short-term repeating events or regular seismic events. This might explain
why the regular seismic events occur at the same locations as the repeating events. The
high seismicity rates in the Marmara Sea may also affect the shapes of the recurrence
intervals as well as their magnitudes of the near-repeating events, which has also been
discussed in Lengline and Marsan (2009) for the Parkfield case. This may be possible for
the distinct asperities in the same fault zones, that are so close to each other but with
different sizes. On the other hand, an asperity, that overlaps with another one, will change
the recurrence period and also the magnitude in the neighborhood once it is ruptured. This
situation may result in shortening the intervals and reducing the magnitudes (Lengline and
Marsan, 2009; Chalumeau et al., 2021).

In addition, after a large event, the recurrence intervals and the occurrences of the
repeaters may be affected, which is also observed after 2019 Silivri earthquake in the
Marmara Sea. In this study, the repeating events were not detected in 2019 at SLVT
station, which is a result that should be taken into account. On 26 September 2019, a
moderate event, Mw=5.8 earthquake has been occurred in the east of the repeaters, in
Silivri (Karabulut et al., 2020) (Figure 6.1). A similar situation has been observed in 2011
Tohoku earthquake in subduction zone in Japan. Before this event, there have been many
repeating events the areas of creeping, that slipping fast during the interseismic period.
After 2011 Tohoku earthquake, the number of earthquakes decreases within the asperities
in afterslip area. The same case has also been observed in repeaters after the 2016
Ecuadorian Mw=7.8 Earthquake aftershocks with M6 and M6.2(Chalumeau et al., 2021). It
is possible that the 2019 earthquake changed the characteristics of the repeater sequences
since no repeaters has been detected in 2019. The changes in the characteristics and the
occurrences of the near-repeating events may result from a possible slow-slip or static
stress changes around the rupture area of the 2019 Silivri earthquake. The evolution of the
near-repeating sequences in terms of temporal and spatial change can be investigated by a
further study.
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The asperities that produce near-repeating events in the Marmara Sea are also likely
to interact with each other, showing a complex heterogenous fault structure. The proximity
and the temporal evolution of the repeater activity resulted from different clusters can be
seen in Figure 6.2 and 6.3. These sequences are also accompanied by the regular events.
These interactions can be ruled by the static stress changes resulted from coseismic slip
and postseismic creep, as in the case of San Fransisco and Los Angeles repeating events in
Parkfield, California, that resulted from different asperities which are spaced in a 70 km
zone (Lui and Lapusta, 2016). These events may be relevant to foreshock sequences or the
rupture of an asperity leading to repeaters or a migrating postseismic slip from a nearby
repeaters. Basically, this may be an implication that the seismicity and the repeater activity
with aftershocks and delayed triggering in environment where the faults at least partially

creep.
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Figure 6.2. The repeater activity between 21.11.2014 and 23.11.2014. Each cluster is
shown circles by different color and their cluster numbers are given. Stars denote the
regular events occurred in the area. (a) Map view of the locations of the near-repeating

clusters. (b) The depth distribution of near-repeater clusters.
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Figure 6.3. The temporal change of the repeater activity between 21.11.2014 and

23.11.2014. Orange, pink, light brown and yellow denote Cluster 5, 4, 8 ,9, respectively.
Stars denote the regular events occurred in the area.
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Figure 6.4. Schematic demonstration of the interaction of the asperities in a creeping fault
zone. The ruptured asperities in interaction are denoted by blue strips. The arrows
represent creeping motions. The red area shows stress increase due to the rupture of the

asperity.
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In Figure 6.4, a schematic depiction can be seen to explain a possible repeating event
interaction scenario that may be valid for the creeping area in the Central Basin. The stress
is transferred through the creep, leading to temporal clustering. The seismicity and the
repeater activity are controlled by the interaction between the asperities, which will affect

the earthquake occurrence in short-time scales.
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7. CONCLUSIONS

The objective of this thesis has been to contribute to the knowledge on the behavior
of the fault segments in the Sea of Marmara. The interpretation for the regions with low
seismicity as locked and the regions with high seismicity rates as creeping portions of the
fault zone has been used to show heterogeneous fault structure of the MMF (Yilmaz et al.,
2022, Schmittbuhl et al., 2015, Yamamoto et al., 2017, 2020). However, the geometry of
the active fault segments and the depth distribution of the seismogenic zone of the Main
Marmara Fault has been difficult to accurately determine due to limited near field

observations to the fault.

In this study, high precision locations of the microseismicity are obtained beneath the
Marmara Sea across the Main Marmara fault using the data from the OBS between the
time period starting from September 2014 to April 2016. The results indicate that the
diffuse seismic activity rate in Tekirdag Basin from 7-8 km to 18 km, and especially in
Central Basin with a depth range of about 12 km from 3 km to 15 km (Figure 3.10). The
abundancy of the earthquakes in this fault segment is interpreted to be creeping zone
consistent with the studies on GPS observations (Ergintav et al., 2014; Ozbey et al., 2021).
The seismic slip rate estimated by Schmittbuhl et al. (2016) also showed a high value (0.35
mm/y), which has been interpreted as “deep creep” behavior following the argument of
Wdonwski (2009) suggesting that the high level of seismicity signs the creep. The micro
events in the Kumburgaz region are starting at 5 km and extends to 19 km. The west of the
Cmarcik Basin demonstrates a seismic activity between 3 and 18 km (Figure 3.10). The
decreasing seismicity rate in Kumburgaz Basin is considered to be the indication of a
locked fault.

A detailed search for the repeating events has been performed from 2008 to 2021 by
template matching method using the continuous data from SLVM and SLVT stations. In
this part, the detected earthquakes that are closely spaced or partially overlapped, having
highly correlated waveforms, were attributed to the near-repeating earthquakes. As a
result, 9 near-repeating sequences have been identified in the Central Basin. The improved

locations of the repeating earthquakes and focal mechanisms solutions with accurate
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seismicity distribution, points out heterogeneities of the fault zone with asperities loaded
by the surrounding aseismic slip. The focal mechanisms of the near-repeating clusters
conform with the strike-slip mechanism on the MMF, except the near-repeater Cluster 5
which shows normal faulting. The analyses from the near-repeating earthquakes allowed to
estimate slip rate for each repeating event cluster. The estimated cumulative slip of each
repeating event cluster shows variability relative to the tectonic rate. It appears that the slip
rates from some of the repeaters are close to the geodetic rate while others have relatively
lower rates. The clusters with lower slip rates are accommodated with short term multiplets
or regular microseismic activity. The repeating earthquake activity has decelerated from
the end of 2018. It appears that a change on the stress state at the transition from Central
Basin to Kumburgaz occurred before-during-after 2019 which Mw=5.8 Silivri earthquake
happened. It is unclear if this behavior is temporary or new generation of repeating events

will be created.
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