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ABSTRACT

INTERSEISMIC BEHAVIOR ALONG THE NORTH ANATOLIAN
FAULT IN THE MARMARA REGION USING 3D STRUCTURE

A series of earthquakes occurred along the North Anatolian Fault (NAF) during the
20™ century, primarily migrating from east to west. The only part of the NAF that has not
broken is under the Marmara Sea. The Main Marmara Fault (MMF), the NAF’s northern
branch, is the most active one, with the highest slip rate amongst the several branches of
the NAF. Since the seismic gap of ~150 km is beneath the sea, the geodetic data is not
sufficient to constrain the full fault coupling, particularly in the Central Marmara.
Nevertheless, the current data does imply that the GNSS vectors along the northern coast
of the Marmara Sea are smaller than expected. One interpretation is that the MMF has
heterogeneous interseismic coupling with creeping and locked segments. Another
explanation is that the fault is locked, but the strain is asymmetrically localized around the
MMF as a result of the deep basins. In this study, the competing effects of weak
interseismic locking of the MMF and deep basins around the fault are studied by
developing a 3-D finite element model for the Marmara Region, which includes a realistic
topography, the 3-D geometry of the main fault, and basins, and using the geodetic data as
a constraint. Our findings show that the deep basins confine the interseismic strain in the
fault vicinity, and using a homogeneous half-space model leads to a slight underestimation
of the locking depth. Our 3-D model shows that while the basins have some effects on
strain localization, the heterogeneity of interseismic coupling is necessary to explain the
observed GNSS data. We infer a change in the locking depth at the Ganos Bend between
the strongly coupled Ganos and the weakly coupled Western Marmara. Seismic studies
also indicate that these two segments vary considerably in background seismicity. The 50
km creeping segment coincides well with repeating earthquakes and higher rates of diffuse
seismicity. Variations in regional stresses and earthquake focal mechanisms, including the
2019 Silivri earthquake sequence, are compatible with the dilatational quadrants in the

region due to the loading caused by the interseismic creep of the Western Marmara.
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OZET

3 BOYUTLU YAPI KULLANILARAK KUZEY ANADOLU FAYD’NIN
MARMARA BOLGESI’NDEKI INTERSISMIK DAVRANISININ
INCELENMESI

20. ylizyilda Kuzey Anadolu Fay1 (KAF) boyunca, ¢ogunlukla dogudan batiya goc
eden bir dizi deprem meydana gelmistir. KAF'm kirilmayan tek boliimii Marmara
Denizi'nin altindaki kismidir. KAF'in kuzey kolu olan Ana Marmara Fay1 (AMF), KAF'in
cesitli kollar1 arasinda en yiiksek kayma oranina sahip en aktif koludur. ~150 km'lik sismik
bosluk denizin altinda oldugundan, jeodezik veriler, fay kilitlenme oranimmi anlamada
ozellikle Orta Marmara’da yetersizdir. Yine de mevcut veriler Marmara Denizi'nin kuzey
kiyist boyunca GNSS verilerinin beklenenden kii¢iik oldugunu gostermistir. Bir
yorumlama, AMF'nin krip eden ve kilitli segmentlerle heterojen bir intersismik
kilitlenmeye sahip oldugu yoniindedir. Diger yorumlama ise, fayin kilitli oldugu, ancak
gerilmenin derin basenlerin bir sonucu olarak AMF c¢evresinde asimetrik olarak lokalize
oldugu yoniindedir. Bu calismada, Marmara Bolgesi’nin gergekei bir topografyasini, ana
fay ve basenlerin 3-B geometrisini igeren 3-B bir sonlu eleman modeli gelistirilerek ve
jeodezik veri kullanarak, AMF'nin zayif intersismik kilitlenmesi ve fay ¢evresindeki derin
basen etkileri incelenmistir. Bulgularimiz, derin basenlerin intersismik gerilimi fay
civarinda smirladigin1 ve homojen yari-uzay model kullanilmasinin, kilitleme derinliginde
daha s1g bir kilitlenme degerlendirmesine yol agtigini gostermistir. 3-B modelimiz,
basenlerin gerinim lokalizasyonu iizerinde bazi etkileri olsa da, GNSS verisini a¢iklamada
intersismik kilitlenme heterojenliginin gerekli oldugunu gdstermistir. Kuvvetli eslesmis
Ganos ve zayif eslesmis Bati Marmara arasinda Ganos Biikiimiinde kilitleme derinliginde
bir farklilik oldugu goriilmiistiir. Sismik ¢aligsmalar da, bu iki segmentin depremselliginde
onemli Olclide farklilik oldugunu goéstermektedir. 50 km’lik krip segmenti, tekrarlayan
depremler ve daha biiylik yaygin depremsellik orani ile iyi bir sekilde ortiismektedir. 2019
Silivri deprem serisi dahil bolgesel gerilme ve odak mekanizma degisimleri, Batt Marmara

intersismik kripinin yiiklemesiyle olusan bolgedeki dilatasyon kadranlar1 ile de uyumludur.
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1. INTRODUCTION

Long-term movement of the tectonic plates results in stress build-up around the
faults until the fault’s frictional strength is overcome. This frictional stick-slip instability of
existing faults causes earthquakes in the Earth’s brittle crust. The seismic activity is
accompanied by a stress state caused by faulting due to the highly heterogeneous inner
earth structure. Nevertheless, seismic numerical simulations have predominantly been
carried out with various simplified features such as homogeneous half-space, elastic
rheology, flat earth surface, etc. These simplifications do not take into account the effects
of topography and medium heterogeneity, which may have a significant effect on the

inferences about fault behavior.

Defining the optimal source parameters that justify observed variations requires
numerical models and algorithms of seismic processes. Natural features of seismic regions,
such as topography or rheological properties, can be applied with various numerical
methods. The finite element method (FEM) is one of the most effective methods for
calculating stress, strain, etc., in complexities of this nature. Thus, we use the finite
element method in this work, which enables us to insert real topography in the
computational domain and medium heterogeneities obtained from previous studies. A
forward modeling technique is used in order to get estimates of ground deformation
predicted throughout the interseismic phase, and the results are compared with geodetic

data.

Our case study for the application of FEM is the Main Marmara Fault, the northern
branch of the North Anatolian Fault in the Marmara Region. The only section of the NAF
that has not been broken by a major earthquake in the past century is the western stretch
under the Marmara Sea. Considering this seismic gap of ~150 km under the Marmara Sea,
understanding the interseismic behavior of the MMF 1is crucial in order to assess
earthquake hazards in the region, which hosts a population of more than 20 million. In that
regard, two critical factors are the locking distribution and the slip rate of the fault since
they provide an insight into the seismic moment deficit that can be released during an

upcoming earthquake.



According to the most recent findings, the interseismic coupling or locking, which is
defined as the proportion of the interseismic slip rate deficit to the long-term plate velocity,
varies throughout the MMF. There is also the theory that the MMF is completely locked
and that the deep basins surrounding the fault cause asymmetrical strain to accumulate and
become localized near the fault. Within the scope of our study, we take into account the
conflicting impacts caused by the heterogeneous structure and interseismic behavior across

the MMF.

The goal of this study is to achieve the application of more realistic characteristics to
the fault geometry, the elastic medium heterogeneities, and the topographic and basin
geometries for the forward problem, starting with the application of realistic geometries for
the sources in a homogeneous elastic medium and then continuing with the application in a
heterogeneous elastic medium to retrieve ground deformation. The kinematic model is
based on a realistic 3-D fault geometry in which a fault slip rate below a given locking
depth ranging from 0 to 20 kilometers is restricted in every section of the MMF. The fits to
GNSS velocity data are optimized by changing each segment’s interseismic locking depth.
In this study, our goal is mainly to construct a three-dimensional model of the area to get

an understanding of the impacts of fault locking and basins on the region's deformation.

1.1. The Structure of the Thesis

This study is divided into the following sections:

Chapter 2. Tectonics of Turkey and the Marmara Region
This chapter outlines the tectonics of Turkey and its surroundings, as well as the

geological overview of the Marmara Region.

Chapter 3. Governing Equations for Deformation Analysis
In this chapter, the governing equations that characterize deformation analysis are
formed. The derivation of Elasticity is discussed here, and mathematically, the

fundamental laws of continuum mechanics are presented.



Chapter 4. The Finite Element Method
In this chapter, we will describe the numerical approach known as the Finite Element
Method (FEM). With regard to this method, we will go over some particular benefits and

drawbacks.

Chapter 5. Application of Finite Element Modeling to the Marmara Region

At the beginning of this chapter, we will go over some of the more basic seismology
principles. After that, we will show how the procedure is implemented while developing a
3-D model of the Main Marmara Fault in the Marmara Region to understand the

deformation in the interseismic phase.

Chapter 6. Forward Modeling Results for Marmara Ground Deformation

In this chapter, we perform numerical simulations to conduct an analysis of the long-
term ground deformation that has been observed in the Marmara Region over the course of
about 20 years. We use a forward modeling technique employing FEM calculations both in
3-D homogeneous and heterogeneous models. This allows us to take topographic effects
into consideration in addition to a complex distribution of material features. A variety of
different tests are developed, and the misfits are calculated to compare the models in order

to estimate the best-fitting interseismic locking model of the MMF.

Chapter 7. Discussion

A number of different numerical models are discussed in order to get an
understanding of how the complicated distribution of elastic media characteristics and the
locking depths cause the numerical findings to vary from those obtained with a
homogeneous medium. In order to more accurately define the interseismic behavior of the

MMF, we evaluate its seismicity distribution, focal mechanisms, and repeaters.

Chapter 8. Conclusions
The final chapter highlights the unique and essential contributions made by this
thesis and provides a summary of the results. Furthermore, it outlines suggestions for

additional research in order to better comprehend the fault's behavior.



2. TECTONICS OF TURKEY AND THE MARMARA REGION

2.1. Tectonics of Turkey

Turkey's tectonics are mostly controlled by the collision of the Eurasia and Arabia
plates in the east (McKenzie, 1972) and by the back-arc extension caused by the rollback
of the 700 km wide old subducting plate along the Hellenic trench in the west (Le Pichon
and Angelier, 1979), leading Anatolia to rotate in a counterclockwise direction relative to
Eurasia (McClusky et al., 2000; Reilinger et al., 2006; Figure 2.1). Consequently, this led
to the construction of two major transform fault zones encircling Anatolia: the East
Anatolian Fault Zone (EAFZ) in the east, which is a left-lateral strike-slip fault, and the
North Anatolian Fault Zone (NAFZ) in the north, which is a right-lateral strike-slip fault
(Sengor et al., 2005).

The NAF, which is a right-lateral east-west oriented transform fault that runs over
1200 km and accommodates Anatolia’s relative motion with respect to Eurasia, creates a
connection between the East Anatolian convergence zone and the Hellenic Trench (Sengor
et al., 2005, 2014). Since the early twentieth century, the NAF has generated a number of
earthquakes with Mw > 7. The first of these was the Mw 7.8 Erzincan earthquake that
occurred in 1939 and moved primarily in a westerly direction, as shown in Figure 2.1
(Barka, 1996; Barka et al., 2002; Stein et al., 1997). The most recent of the large
earthquakes east of the Marmara occurred in 1999 with the My 7.4 izmit and Mw 7.2
Diizce earthquakes (Delouis et al., 2002; Konca et al., 2010; Reilinger et al., 2000). The
rupture of the 1999 My 7.4 izmit earthquake ended before it reached the Princes' Islands
section after propagating to the west of the izmit Bay, according to Gasperini et al.
(2011a). In 1912, the Mw 7.4 Miirefte earthquake broke the Ganos section in the west of
the Marmara. The Mw 6.9 earthquake that occurred farther to the west in 2014 broke the
North Aegean Trough, a section of the NAF (Konca et al., 2018). This means that the
MMF beneath the Marmara Sea is the only part of the fault that has remained unbroken
during this seismic cycle since the beginning of the 20th century. This seismic gap under
the Marmara Sea is about 150 kilometers in length. The NAF’s northern branch MMF,

which has been the most active segment in this area (Meade ef al., 2002; Reilinger et al.,



2006), accommodates almost as much as 20-22 mm/yr of the region’s approximate 25
mm/yr of relative motion. The unruptured sections of MMF pose significant seismic risks

due to their closeness to major metropolitan areas, particularly Istanbul.
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Figure 2.1. Anatolia plate tectonics, with black arrows and green arrowheads showing
GNSS velocities of Reilinger et al. (2006) relative to Eurasia and light orange lines
showing plate boundaries (Bird, 2003) of the EAFZ, NAFZ, etc. The same color represents
right-lateral offsets and earthquake surface ruptures along the NAF since 1939 (Barka et
al.,2002; Emre et al., 2013; Hori et al., 2017; Stein et al., 1997). The red frame indicates
the study area. The red circles represent the M > 6 earthquakes from 1900 reported by the
USGS.

2.2. The Geometry of the Main Marmara Fault

The NAF accommodates Anatolia’s westward relative motion with respect to Eurasia
at a rate of about 25 mm/yr (Reilinger ef al., 2006). Between the Karliova Triple Junction
and east of Bolu, most of the NAF is predominantly characterized by a single fault zone,
which is a boundary between the Eurasian and Anatolian plates. However, it separates into
two main branches just before it enters the Sea of Marmara (Armijo et al. 1999, 2002;

Figure 2.2). The northern branch, which goes into the Marmara Sea from the Izmit Bay



(Alpar and Yaltirak, 2002; Cormier et al., 2006), travels across the Sea of Marmara by
following the northern shelves of various basins (Le Pichon et al., 2001, 2003), exits the
Marmara Sea in the west at the Gelibolu Peninsula, where it is known as the Ganos
Fault, and finally reaches the Aegean Sea from the Saros Bay (Yaltirak and Alpar 2002a).
The southern branch, often termed the middle branch in studies that suggest three
branches, after passing through Iznik Lake, runs along the southern shores of the Sea of
Marmara between Gemlik Bay and the Kapidag Peninsula, and then it turns toward the
southwest (Kurtulus and Canbay, 2007; Yaltirak and Alpar, 2002b). After forming the
southern margin of the Bursa Graben, the faults farther south go through the Biga
Peninsula and reach into the Aegean Sea (Hergert ef al., 2011). The majority of the plate
movement, which is estimated to be between 20 and 22 mm/yr (Ergintav et al., 2014), is
now accommodated by the northern branch, which is known as the Main Marmara Fault
(MMF; Le Pichon et al., 2001). The remainder of the plate movement, which is around 3-5
mm/yr, is most likely divided along right-lateral faults farther south and the southern Iznik-
Gemlik branch (Hergert and Heidbach, 2010).
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Figure 2.2. NAF branches in Western Turkey, as well as earthquake surface ruptures along
the NAF (Armijo et al., 2002; Emre et al., 2013; Ucarkus et al., 2011) and Marmara study

area (red frame).



Many marine geological surveys were conducted following the My 7.4 Izmit
earthquake in 1999, which ruptured about 50 km of the NAF beneath the Izmit Bay in the
eastern Marmara Sea (Gasperini et al., 2011a; Ucarkus et al., 2011), to map the active fault
strands (e.g., Armijo et al., 2005; Le Pichon et al., 2001; Sengor et al., 2014), assess the
influence of significant earthquakes on the sedimentary basins (e.g., McHugh et al., 2006),
and estimate fault slip rates over seismic cycles (e.g., Gasperini et al., 2011b). Also, fault
offset is reported for the Izmit earthquake rupture based on high-resolution seafloor
bathymetry (e.g., Gasperini et al., 2011b; Ucarkus et al., 2011). In addition, studies
involving paleoseismology, GPS, gas emission along fault ruptures, seafloor geodesy,
topography, etc., have all been conducted to map the fault zones under the Marmara Sea
(e.g., Laigle et al., 2008; Le Pichon et al., 2003; Reilinger et al., 2006; Meghraoui et al.,
2012).

The presence of a fault segment can be identified by the location of a major
earthquake and a related coseismic surface rupture, but these elements may not entirely
represent the size of the fault and hence the seismic gap. Geometrical complexities such as
fault bends, step-overs, and pull-apart basins can be used to identify the size and limits of
these fault segments (Wesnousky, 2006). From this point of view, the geometry of the
MMF is rather complicated and has three main bends beneath the Marmara Sea. These
bends are called the Ganos, Istanbul, and Tuzla Bends, as depicted in Figure 2.3a (Hergert
et al., 2011). The right-lateral strike-slip domain that characterizes the NAF system
exhibits three forms of deformation in the Marmara Sea. These are mostly E-W directed,
almost entirely pure strike-slip faults; others are NE-SW aligned transpressive structures
and NW-SE aligned transtensional depressions along the restraining and releasing bends,
respectively. Tekirdag segment’s extensional component along the basin’s westernmost
margin represents an exception to this general pattern (Gasperini et al., 2021). MMF
fragmentation occurred on a variety of scales, but nevertheless, the primary segments
formed over 3 main right-lateral oversteps that separated primary fault branches beneath
the Marmara Sea. These are the transtensive Cinarcik section, the east-west central
sections, and the westernmost Tekirdag section, from east to west (Gasperini et al., 2021).
The Cmarcik Segment, located near Istanbul in the Marmara Sea, displays transtensive
deformations at the NAF's western extremity (Barka, 1992), where a releasing bend in the

strike-slip system generates a pull-apart basin (e.g., Armijo et al. 2002, 2005). Following



that, the existence of an oblique segmented shear zone linking the izmit segment to the
Ganos Fault is suggested (e.g., Armijo et al., 2002; Meghraoui et al., 2012; Parke et al.,
2002). According to other studies, MMF is a single major strike-slip fault (e.g., Le Pichon
etal.,2001).
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Figure 2.3. (a) Seismicity distribution including the 2007-2015 M>2 seismic events (black
circles with white fillings; Schmittbuhl ez al., 2016b), the 2019 Silivri earthquake series
(purple circles; Karabulut et al., 2021), and clusters of repeating earthquakes (red circles;
Schmittbuhl et al., 2016a; Uchida et al., 2019), as well as two hydroacoustic arrays (black
triangles; Lange et al., 2019; Sakic et al., 2016; Yamamoto et al., 2019) and GNSS
velocities (black vectors with white arrowheads; Ergintav ef al., 2014). MMF’s
geometrical bends are also shown. The surface trace is shown by a light orange line, while
the 5 km distance contours are shown by black dashed lines. (b) A cross-section taken from
the seismicity distribution shown in a) using the identical colors. The locking distribution

of MMF suggested by Schmittbuhl ez al. (2016b) is shown by a blue curve.



According to the geometrical complexity that connects them, the entire main fault is
split into six segments from west to east: the Ganos, Tekirdag, Central Basin, Kumburgaz,
Princes’ Islands, and izmit segments (Figures 2.3a and 2.3b). The majority of these
segments were formed along oversteps or bendings and were named according to the
corresponding sedimentary basins. In the east of Istanbul, between Tuzla and Istanbul
Bends, the Princes' Islands section forms a releasing bend which dips towards the
southwest at an angle of approximately 79° until it reaches 15 km below sea level (Hergert
and Heidbach, 2010). The Tekirdag Segment links the Central Basin to the Ganos Segment
on the western shore of the Marmara Sea at the Ganos Bend, which forms a restraining

bend.

2.3. Studies of Fault Behavior Using Geodetic Data

The morphology of the Marmara Sea is complicated, comprising deep basins and
steep slopes divided by topographic highs, and the MMF traverses four deep sedimentary
basins: the Tekirdag (TB), Central (CB), Kumburgaz (KB), and Cinarcik Basins (CB) from
west to east, as shown in Figure 2.3a. The MMF cuts across the southern portion of the
Tekirdag and Central Basins as well as the northern shelf of the Kumburgaz and Cinarcik
Basins. Asymmetry is also evident due to the location of MMF in relation to the
depositional center of the basins. According to Bécel et al. (2009, 2010), in addition to all
of these bathymetric structures, there is a large amount of sediment all along the MMF in

the Sea of Marmara, with depths down to the basement rock ranging from 3 to 6 km.

The observed geodetic fault parallel velocities on the northern coast are
overestimated for a locked fault down to 15 km. Several explanations were brought
forward to remedy this situation. For example, Meade et al. (2002) employed a shallow
locking depth of about 6.5 kilometers and shifted the mapped fault southward, far from the
Marmara’s northern shore, to explain and match the measured long-term GNSS velocities
over the northern shore. The primary fault under the Sea of Marmara, on the other hand, is
quite accurately mapped, and it is located towards the northern shores (Le Pichon et al.,
2001). This suggests that the absence of strain buildup on the northern side of the MMF is

due to other factors.
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The MMF’s interseismic strain does seem to be heterogeneous, with some portions
that are locked interlaced with portions that are fully or partially creeping, according to
prior geodetic and seismological research (e.g., Bohnhoff et al., 2013; Ergintav et al.,
2014; Schmittbuhl et al., 2016b; Klein et al., 2017; Bulut et al., 2019; Ozbey et al., 2021;
Yilmaz et al., 2022). A 1-D approach of infinitely deep vertical strike-slip faults (Savage
and Burford, 1973) and GNSS velocity data collected on land were used by Ergintav et al.
(2014) in order to determine the depth of locking between earthquakes. According to their
findings, there is no indication of strain buildup along the segments of the fault zone that
are located in the Tekirdag, Central, and Kumburgaz Basin regions. However, the strain
could be building up along the Princes’ Islands section of the fault zone. Both the Ganos
and Izmit segments, in the west and east of the Marmara Sea, respectively, are considered

to be completely locked down to a depth of 7.5 kilometers.

One of the problems with this 1-D vertical strike-slip fault method is that it assumes
an elastic half-space embedded by a semi-infinite fault (Savage and Burford, 1973) and
ignores the three-dimensional geometry of the basin structure and fault system. Instead,
data is projected onto various profiles that are perpendicular to the fault segments to
determine the locking depth. In a subsequent study, Klein et al. (2017) utilized a three-
dimensional fault embedded in a homogeneous half-space model. The results of this study
revealed that analyzing by employing a 2-D fault geometry would be too simple for the
area. They further demonstrated that the MMF has heterogeneous interseismic behavior
even though the resolution is insufficient to deduce the interseismic locking behavior.
Several other studies based on the inversion of GPS data also obtained very similar results
in terms of locking distribution (Bulut et al., 2019; Ozbey et al., 2021). The only difference
is that, according to Ozbey et al. (2021), the west of 28.2°F longitude is creeping while the
east is locked; Bulut ef al. (2019) found that this part is substantially locked but both the
Western High and Central High are partially creeping.

Le Pichon et al. (2005) provided an alternative way of explaining the GNSS data that
have been reported. Both the interseismic coupling and the manner in which the strain is
distributed across the fault might be influenced by the presence of a thick layer of sediment
that extends to a depth of 6.2 kilometers (Bécel et al., 2010) under the Marmara Sea (e.g.,

Fialko, 2006). Despite the fact that the differences in fault coupling can explain rather well
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most of the available geodetic data, it is not clear if the observations can be accounted for
only just by the elastic structural heterogeneity, given that these models do not take into
account the 3-D structure. According to Le Pichon et al. (2005), the absence of strain
buildup indicated from multiple stations north of the fault could be due to a difference in
rigidity across the fault. These findings for the Marmara Region were based on a similar
set of GNSS data. Their 1-D profile technique employs a fault that is locked below to a
depth of 10.5 km. They then apply a 10-fold difference in stiffness on either side of the
fault, with the southern side being more compliant, in order to fit the profiles that are
perpendicular to the fault. It is difficult to discern between the two approaches since there

is not enough high-resolution geodetic data in the area near the fault.

In light of the limitations of onshore geodetic measurements, research into the near-
fault accumulation of strain was carried out with the assistance of two hydroacoustic
submarine deployments. The first survey (e.g., Sakic ef al., 2016; Lange et al., 2019) was
conducted east of the Kumburgaz Basin on the Central High (CH), and the second survey
was carried out on the Western High (WH) in the west of the Central Basin (Yamamoto et
al., 2019; Figure 2.3a). According to the results of these hydroacoustic range studies, the
fault may be locked along the Central High, although there is an estimated surface creep of
about 10 mm/yr along the Western High. This value represents approximately half of the
predicted fault slip rate. The results of this research provide further proof that the MMF has

heterogeneous interseismic behavior.

2.4. Studies of Seismicity and Repeating Earthquakes Along the MMF

The MMF has been observed to have a heterogeneous distribution of seismicity,
which is another interesting finding regarding this fault. In order to explain MMF’s locking
behavior, some seismicity studies depend on the location distribution of the earthquakes
that occur in close proximity to the main fault. This method presumes that the parts of the
fault that are fully locked do not cause any earthquakes, whereas the parts that are partially
or fully creeping do cause earthquakes owing to minor asperities located in the creeping

Zones.
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According to the findings of Bohnhoff ez al. (2013), the Princes’ Islands section of
the MMF does not produce any background seismicity in the interseismic period down to a
depth of 7-8 km throughout a 40-km length surrounded by complex geometrical
boundaries and by a significantly higher rate of seismicity and moment release. The silent
zone encompassed by a higher rate of seismicity is considered a seismic gap and
interpreted as a 40-km fully locked segment. Schmittbuhl ef al. (2016b), studying the
seismic activity of the entire MMF, inferred that whereas the Kumburgaz and Princes’
Islands segments have a low rate of background seismicity and may be locked below a
depth of about 10 km relying primarily on seismogenic depth, the Tekirdag and Central
Basin segments exhibit extensive high seismicity zones and are viewed as unlocked

(Figures 2.3a and 2.3b).

Nevertheless, it is not quite obvious if the seismic activity that these studies found is
a direct sign of the behavior of the fault. There is a possibility that the pattern of seismicity
that has been reported could also be affected by other elements, such as the short

observation duration of the background seismicity and complex geometries.

Small asperities in creeping zones are frequently understood as repeaters, which have
a tendency to rupture in almost the same general places on a regular basis over time
(Harris, 2017). The existence of repeating earthquakes is typically interpreted as indirect
evidence of creep in a fault zone. Uchida et al. (2019) and Schmittbuhl ez al. (2016a) found
seismic repeaters along the Central Marmara with depths ranging between 3.8 and 18.5
km, and they predicted the slip rates in the order of plate rate. The presence of these
repeating earthquakes throughout the Central Basin, as shown in Figures 2.3a and 2.3b,

also provides additional evidence that the fault is not fully locked in this region.

2.5. Historical Earthquake Studies

The MMF has the potential to produce major earthquakes, according to studies based
on historical earthquakes. The most recent major earthquake along the whole MMF with an
M > 7 occurred in 1766. This earthquake most likely broke the Princes’ Islands segment
(Ambraseys and Jackson, 2000) and generated a ~M7.1 earthquake (Ambraseys, 2002;

Gasperini et al., 2021). However, other M > 7 earthquake locations are unknown and are
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the subject of much controversy. Historical earthquake studies suggest that the last major
earthquakes that broke the Kumburgaz and Central Basin segments were an M7.2
earthquake in 989 and an M7 earthquake in 1343, respectively (Ambraseys, 2002; Pondard
et al., 2007; Sengor et al., 2005). It is clear from these estimations that the central parts of
the MMF are likely capable of producing major earthquakes, although the recurrence rate
is substantially higher than the nearby Izmit segment in the east and Ganos segment in the
west of the Marmara Sea, which are estimated to have roughly 250 and 300 years of
recurrence rates (Dikbas et al., 2018; Meghraoui et al., 2012), and the number of big
seismic events under the Sea of Marmara is far lower (Meghraoui ef al., 2012). Based on
the loading that was caused by the earthquakes that occurred in 1999 as well as historical
earthquakes, the likelihood of a large seismic event occurring under the Marmara Sea
during the next 30 years was estimated by Parsons (2004) to be 44 + 18 percent following
the recent Mw 7.4 Izmit and Mw 7.2 Diizce earthquakes that occurred in 1999.

Furthermore, since the recurrence rates of major earthquakes are much longer, the
MMF under the Marmara Sea behaves differently in terms of background seismicity.
During the interseismic phase, the majority of the NAF, which includes the Ganos and
[zmit sections, does not create a large quantity of seismicity along the major fault zone. On
the other hand, as shown in Figures 2.3a and 2.3b, the sections of MMF under the Marmara
Sea produce a substantial quantity of seismicity (Schmittbuhl ez al., 2016b). It is unclear if
these earthquakes happen as a result of geometrical complications or interseismic

behavior.

According to the seismicity, historical earthquakes, and other possible explanations
for GNSS data, the MMF has to be examined in greater depth to understand the link
between interseismic fault behavior, background seismicity, and structural complexity in
greater detail. Therefore, we focus on the MMF in terms of the relationships between these
elements since it has not created any major earthquakes since the last century and poses a

hazard risk for the area.
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3. GOVERNING EQUATIONS FOR DEFORMATION ANALYSIS

The fundamental laws of continuum mechanics, which is the field concerned with the
mechanics and behavior of materials, are mathematically defined by three physical
principles: the conservation of mass; the second law of Newton (conservation of linear
momentum); and the first law of thermodynamics (conservation of energy). Governing
equations can be solved generally easily with the help of certain material idealizations,
such as elastic material models, and in continuum mechanics, these materials can also be

approximated as continuous over a given period of time and length.
3.1. The Derivation of the Elasticity Equation in Index Notation

The stress equilibrium equations, which are a set of 3 paired partial differential
equations, must be solved to identify the displacement and stress state as a consequence of
the application of particular boundary displacements or loads. Newton's second law is used
to derive these equations. The following equation shows the conservation of linear
momentum for a body of any form with a volume V that is bounded by a surface S, where
force is the rate of momentum change with respect to time. Mass conservation is one of the
most fundamental physics concepts, meaning that the mass stays the same within a given
problem domain unless the mass is not created or destroyed, and if mass m is constant,
then the force is F=dp/dt=m*dv/dt=ma. The second law of Newton states that a body’s
overall force equals its mass multiplied by its acceleration. The overall force exerted on the
body can be found by adding up all the internal body forces and all of the forces that come

from the surface traction exerted on the body’s outside border.

When we equate the total inertia to the overall force, we get the expression of
Newton's law of motion,

0 [ o

= [, pStav = [, fidV + f; T.dS, 3.1)

which can be found in Equation (3.1). On the right side of Equation (3.1), fi stands for the
body force density, which is also known as the force per unit volume, whereas Ti stands for

the surface traction per unit area (Aagaard et al., 2017b). On the left side of the equation,
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the mass density per unit volume is denoted by p, and the displacement field is denoted by

Ui.

In cases when the rock is in static equilibrium or displacements are extremely slow,
the left side of the equation may be omitted, and this simplifies the equation of motion to
an equilibrium equation. We first convert the surface integral into the volume integral over
the whole body. Then, we derive the most useful differential form of the equation by
invoking the divergence theorem. In this regard, to use the divergence theorem with the

surface integral, first we write the traction

Ti = O'l']'nj, (32)

in Equation (3.2) in terms of stress components. When Equation (3.2) is substituted into

Equation (3.1), we get the following:

d aui

a v ot dV = fV fldV—I_fS O'ijnde. (33)

The application of the divergence theorem gives

fV ai'jdV = fS ainde, (34)
as shown in Equation (3.4). Substituting this equation into the surface integral yields

d aui

sl P dV =, fidV + [, 04V, (3.5)

which can be rewritten as shown in Equation (3.6).

0%u;
174

Since Equation (3.6) holds for any form of the body, the integrand must be zero at every

point inside the volume V. Thus, the equation at all points can be concluded as follows:

azui
p ot?

—fl-—al-j,j=0inV, (37)

where ui® is the displacement on surface Su, while Tiis the traction on surface Srt, d is the

slip on surface St, and Rui is the global to fault coordinate transformation rotation matrix.
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oijn; = T; on Sy, (3.8)

oy = 0j; (symmetric), (3.9)

w; =ud onS,, (3.10)

dp — Ryi(ui —u;j) =0o0nS;. (3.11)

To sum up, the governing equations that describe the rock deformation show that
there are three unknown displacements and six unknown stress components. This means
that the equations are not adequate to find out displacements and stresses. For a
mathematically well-defined problem, the number of equations and unknowns must be
equal. The six new equations are given by the strain-displacement relationships, which also
introduce six further unknowns. Six more equations, which can take any form, such as
linearly elastic, viscoelastic, etc., are also introduced using stress-strain relations. The
equation of motion, stress-strain, and strain-displacement relations are a set of equations in
which the quantity of unknowns is the same as the quantity of equations. In continuum

mechanics, this is needed but not enough to have a well-defined math problem.
3.2. Governing Equations for Linear Elastic Materials

One of the most important rheological mediums is elasticity, in which the stress is
linearly proportional to the strain and the elasticity can be fully recovered. At low
temperatures and pressures and with small deformations, the rocks are almost elastic. The
strain is the spatial gradients of the displacement field, which means the relative changes in
the displacement field as a result of the material’s deformations or changes in the form
rather than any position changes. Most of the structural metals are approximately linear

elastic at low strains.

The strain-displacement relationship for elasticity is as follows in index notation

(Equation 3.12).

1
Eij = E (ui,j + u]',i) (312)

Hooke’s law is presented in the following equation, which shows how stress and

strain relate to each other elastically.
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(3.13)

The Cijw 4™ order elastic tensor, also known as stiffness, has a total of 81

components. However, only 21 of these components are independent due to the symmetry

of the stress and strain tensors and the laws of thermodynamics. These components are

needed to define the stress-strain relationship for an elastic solid. If the material is

supposed to be isotropic, i.e., that the solids have identical characteristics in all directions,

then it reduces the number of parameters to two, in which the first Lame parameter (1) and

shear modulus (u, the material’s resistance to shearing) are known as the Lame parameters.

[
I

Thus, the elastic stress-strain relationship for an isotropic material becomes
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By substituting Equation (3.16) into Equation (3.7), we get

azui

2

6 u;
p ot?

5 fl — [A(()\ijuk'k + ,U(ul"j + uj.i)],j =0

= fi + 0;[A8;;0,uy + n(9u; + 0iu;)]

= f; + 0;A0,uy + 20,0, uy, + 0;u(0;u; + 9;u;)
+ p0;0;u; + pud;0;u;

= f; + 0;A0,uy + aju(ajui + aiuj) + A0;0,uy

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)



18

If we define the first Lame parameter (A) and shear modulus (p) in terms of Young's

modulus (E) and Poisson’s ratio (v),

PR— 320
S (1 +v)(A-2v) (3.20)
St 321

as shown in Equations (3.20) and (3.21), and substitute these equations into Equation

(3.16), it yields

E v
9ij = (1+v) ((1—2v) 6ij£kk + gij)' (3.22)

If we define strain in terms of stress, then the equation can be written

1
gij = E [(1 + U)O'l'j - Ugijo-kk] (323)
- €11 1 rl —v —v 0 0 0 011
Eoo -V 1 —V 0 0 0 022
&3 | 1|l-v —v 1 0 0 0 033
2655 Tl 0 0 0 201+v) 0 0 Gy (3.24)
2¢13 0 0 0 0 2(1+v) 0 013
[2¢15] L0 0 O 0 0 2(1+v)l Loy

as shown in Equations (3.23) and (3.24).
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4. THE FINITE ELEMENT METHOD

Differential equations represent a wide range of real-world phenomena, providing
mathematical models. For example, mechanical deformations can be modeled with
differential equations. Analytical solutions to differential equations, which are used to
explain physical processes, are only possible for a very small subset of problems, and even
then, only for problems with relatively simple geometries. Numerical approaches are
necessary for complex tasks, depending on the purpose of the study. FEM is one of these

numerical methods, providing approximate solutions for differential equations.

The following five essential steps comprise the FEM:

Preprocessing: separation of the problem domain into finite elements
Formulation of elements: formation of element equations
Assembly: obtaining the system-wide equations from each element’s equations

Solving the system-wide equations

A

Post Processing: Quantity of interest determination and response visualization

The FEM needs to divide the geometric domain or space representing the problem
into a limited number of small regions called “meshes” (Figure 4.1). Known functions,
such as linear or higher-order polynomials, can be used to estimate unknown parameters
for all finite elements. This depends on the geometric positions, or nodes, that are used to
set the shape of the finite element. In FEM, the governing equations are integrated over
every finite element, and the solutions for the whole problem space are added up. Thus, in
relation to a set of unknown parameters over whole elements, a finite linear equation set is

generated that can be solved with linear algebra.
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Figure 4.1. Illustrations of hexagonal and tetrahedral FEM meshes.

4.1. Advantages of the Finite Element Method

For all types of structural mechanics analysis, such as deformation and stress
resolution in solid bodies or structural dynamics, the FEM is the discretization method of
choice. The solution and its degree of approximation to the real answer are dependent on
the number and size of the elements as well as interpolation functions. The FEM is built on
a variational formulation that can be used to solve both discrete and continuous problems.
Its ability to develop solutions for individual elements before assembling them to represent
the entire problem is what distinguishes it from a number of other numerical approaches.
In stress analysis, for example, we find the force-displacement or stiffness of any element

and then put them all together to estimate the stiffness of the entire structure.

The FEM’s most attractive features are its capacity for handling complex geometry
and borders, with which it is easy to incorporate inhomogeneities and nonlinearities, as
well as the reduction of a complicated problem to a number of simpler problems. The FEM
is the most appropriate method for calculating stress and strain and, consequently, deriving
changes in the geophysical signals in a given material. Therefore, when we describe the
ground deformation in seismogenic areas, we use FEM to model heterogeneous media and

for irregular topography, complex loading, and various rheologies.
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4.2. Derivation of the Elasticity Equation with Finite Element Formulation in

Index Notation

The FEM is made from the variational or weak formulation that is derived through
multiplication of the original equation by an arbitrary function called the test function, also
called the weight function. Since these "shape" functions are used as test functions for the
discrete variational formulation, which is sometimes referred to as a "Galerkin expansion,"
they can be combined linearly to get an approximation for the continuous variable. The
final solution is found by integrating the resultant equation over the whole domain. This
section shows how the elasticity equation is found by implementing FEM in index notation

(Aagaard et al., 2013, 2017b).

In the previous section 3.1, it was shown how to get the wave equation in its strong

form as follows:

0+ fi=pi,inV, (4.1)
o;jnj = T; on Sy, (4.2)

0;j = oj;(symmetric), (4.3)

w; =ud onS,, (4.4)

dp — Ryi(ui —uj) =0o0nS;, (4.5)

where ui’ is the displacement on surface Su, Tiis the traction on surface St, and dx is the
slip on surface St. Although the surfaces Su and St may have some spatial overlap; at any
location, a degree of freedom cannot be linked with both prescribed Neumann (traction)

and Dirichlet (displacement) boundary conditions at the same time.
We get the weak form through the multiplication of the wave equation with a

weighting function and setting the domain integral to zero, while the fault surface is

ignored for now.

f (0ij; + fi — pti,) @:dV =0 (4.6)
174
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f O_ij,j(pidV‘l'f fifﬂidV—f pl,p;dV =0 4.7)
174 174 1%

In Equation (4.8), the divergence theorem is applied to the multiplication of the
Cauchy stress tensor with the weight function. Then, in Equations (4.9) and (4.10), the left

side of the equation is expanded as follows:

1% ’ S
f Ul-j_j(pidV + f O-ij(pi,jdV = f Uij(pinde (49)
%4 %4 S
.fv O'ij,j(PidV = —j; aijgol-'jdV +J; aijgol-nde (410)

When Equation (4.10) is put into Equation (4.7) in its weak form, it yields

Integration over S is split into St and S..

—-[V O'l](ledV+L O'l](pln]dS +f O'U(pln]dS‘FJ;/ fl(pldV
T

Su

_ f pliypidV = 0
vV

(4.12)
O'l'jn]' = Ti on ST! (413)
@i =0o0nS,. (4.14)

The weighting function @i is 0 on Su. Substituting Equations (4.13) and (4.14) into
Equation (4.12) gives:

— [, oij@i;dV + fsr TipdS + [, fipidV — [, piip;dV = 0. (4.15)

Figure 4.2 shows the decomposition of the domain, where the fault surface is an

internal boundary that separates the two domains.
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Figure 4.2. Schematic of a fault surface with continuous tractions and a jump in

displacement due to fault slip, adapted from Aagaard et al. (2013).

Because the tractions on the fault surface are similar to the boundary tractions, we
can also add the contributions of the fault surface tractions and then Equation (4.15)

becomes:

— fV Uij(Pi,jdV + fST Tl(pldS - fsf"' ll(pldS + fsf‘ ll(pldS +
J, fipidV — [, plip;dV = 0. (4.16)

The trial solution ui, the weighting function i, the fault slip di, and the Lagrange
multipliers li are all written as linear combinations of basis functions in Equations from

(4.17) to (4.20).

0 = Z aNm (4.17)
m

0; = Z T (4.18)
n

I = Z PNP (4.19)

p
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d; = z d’ NP (4.20)
p

After substituting Equations (4.17) to (4.20), Equation (4.16) can be expressed as

follows:

—f aijzc{w,;‘dv+f T, ) NS —f D NPy cpNnds
4 n St n Sp+ D n
+f lepNPZCi”N"dS+f fiZCL-”N"dV
p n |4 n

Sf-

—f pE dgnzvmz cPN™dV =0 (4.21)
|4 m n

- 174 St Sp+ S
+] z IPNPN™dS +j fiN™dv —j pz a"tN™N™ dV
S-% 14 14 poo
=0 (4.22)

Since Equation (4.22) works for any arbitrary weighting function, the value inside
the parentheses equals zero for all c¢i". Then the equation simplifies to its basic form as

follows:

_J. O'L]N;ldV'Ff TLNndS —f Zlf)NpNndS_Ff ZZ{’NPNTldS
v St Sf+ ) Sg- D

+ f fN"AV — f pz GMNTMNT AV = O (4.23)
14 174 m

The weak form of the constraint equation can also be obtained using the following

algebra:
Js, i —wi +ui)pidS =0, (4.24)

J5,(Zp dINP = Sy al” N™ + Ty al” N™) By ¢ N"dS =0, (4.25)
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S ¢l fs, N"(Zp dYN? = Em @ N™ + Zpal" N™ )dS = 0. (4.26)

This form is obtained by multiplying the constraint equation by the weighting
function and setting the integral across the fault surface to zero. Then Equation (4.26) is

simplified

f N™ Z d’NP — Z a" N 4 Z a" N™ |ds =0 4.27)
St P m m

as shown in Equation (4.27).
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5. APPLICATION OF FINITE ELEMENT MODELING TO THE
MARMARA REGION

Geodetic observations are critical for understanding the changes that occur during the
interseismic, coseismic, and postseismic phases. The observed data may be affected by
structures like topography, basins, or lateral changes in the rheological properties of
seismic regions. Therefore, when numerical simulations are used to model this natural
phenomenon, it is important to use the correct 3-D elastic structure and fault geometry in

addition to boundary conditions.

For all of the calculations in the thesis, the finite element software PyLith is used,
which is an open-source program that can be used for crustal deformations and can solve
both explicit (i.e., dynamic) and implicit (i.e., quasi-static) problems. In order to solve a
finite element problem, it is necessary to define some prior information like meshing, the
types of elements, the types of materials, and the boundary conditions. Mesh information
can be imported from LaGriT, CUBIT/Trellis, or ASCII files for simple tasks. While the
supported cell types in 2-D are triangles and quadrilaterals, in 3-D they are hexahedra and
tetrahedra. Different materials and rheologies can be implemented, such as isotropic
elastic, linear or generalized Maxwell viscoelastic, Drucker-Prager elastoplastic, or power-
law viscoelastic. There are also different boundary conditions, such as Dirichlet
(prescribed velocities and displacements), Neumann (traction), and absorbing. Cohesive

cells are implemented for the fault interfaces.

5.1. Faults as Dislocation Sources

Understanding the earthquake cycle, which consists of the coseismic rupture, the
post-seismic relaxation, and includes the steady-state interseismic stages of strain
accumulation, requires studying how the plates in the lithosphere move. Most earthquakes
happen along faults, which are weakness zones in the Earth's crust that move relative to
each other through differential or shear motion. A fault can accommodate the relative

motion in three types of mechanisms, i.e., strike-slip along conservative boundaries, thrust
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earthquakes at convergent boundaries, and normal faults accommodate when two blocks

are moving away from each other.

An area that is stuck on an active fault surface because of greater friction is known as
an asperity (Figure 5.1a). A fault is said to be locked when it does not slide down to a
certain depth due to the frictional resistance on the fault being higher than the shear stress
across the fault that is being applied by loads due to tectonic forces. Typically, for a crustal
fault below 10 to 15 km, the rocks get hot enough that their behavior changes from stick-
slip to creep or ductile deformation since their frictional strength increases while their
ductile strength decreases. As a result, as the locked portions of the fault are loaded due to
the creeping lower crust and relative motion of the plates in the continuum, the strain
builds up around the preexisting fault zones. When frictional resistance is overcome during
an earthquake, the faults slip, which causes fractures to propagate fast enough to radiate
elastic waves. In most cases, the failure of an asperity triggers the rupture and makes it
possible for the fault to move. However, in some cases, this relative motion takes place
slowly enough so that a silent aseismic slip event occurs. Slow and almost continuous
movement on faults is possible when there are no asperities along the boundary of the fault

surface that enhance the frictional resistance.

a ASRERIIES b locked patches

A A lﬁﬁ""“"u Addebs,

/oseismic creep

isolated asperities

asperity clusters

Figure 5.1. Schematic diagram of the contact surface of a real surface where the dotted
areas show the real contact area, i.e., the asperity contact (Ar) within an apparent contact

surface (A). (b) An illustration of a fault with heterogeneous locking behavior.
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Numerous geodetic and seismological studies have shown that large earthquakes and
aseismic slow slip events can both happen on the same individual fault, and seismic
activity in these active fault zones varies in time and location along the fault. While some
fault zones stay silent for decades, others cause earthquakes frequently. In some locations,
seismicity is restricted to tiny zones of a few hundred meters; in others, it is spread over
tens of kilometers. This change may happen across small distances (Liu et al., 2022).
Based on these results, the contact surface of faults may have heterogeneous locking
behavior (Figure 5.1b). Figure 5.2 shows a fault that is locked down to a certain depth, but
below this locked (seismogenic) section of the crust, it transitions to steady sliding with the

fault slip rate, as shown in the schematic model.

Fault coupling is characterized by the ratio of the slip rate deficit to the total fault slip
rate and shows the capacity to accumulate strain. Low coupling faults have different
earthquake patterns than those with high coupling. For example, low coupling faults do not
have as many moderate or large earthquakes as the highly coupled segments due to less
strain accumulation in the long term. Another line of evidence of creeping faults is the
existence of repeating earthquakes. These small multiple fault ruptures on the same
asperity may be an indicator of aseismic slip (Nadeau et al., 1995; Biirgmann et al., 2000).
The high rate of background seismicity and the existence of repeaters are typically

associated with fault creep (Harris, 2017; Liu et al., 2022).
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Seismogenic
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Lower crust
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on the fault

Full plate motion
at depth

Figure 5.2. A schematic representation of a finite element model for a locked fault and a

freely sliding unlocked fault below.

5.2. Interseismic Locking Behavior of the MMF in the Marmara Region

The primary objective of this study is to advance our knowledge of the interseismic
locking behavior of the MMF in the Marmara Region by developing a three-dimensional
elastic model of the area with the help of the finite element modeling program PyLith 2.2.1
by Aagaard et al. (2017a). We especially focus on the influence of deeper basins around
the main fault on interseismic strain distribution and how having a homogeneous elastic
model biases our predictions about interseismic fault behavior. Another question is
whether utilizing seismicity along the main fault as an indication of interseismic behavior

is appropriate.
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Employing the finite element approach, we build a three-dimensional elastic
Marmara model, so that we can conduct an appropriate analysis of the locking behavior of
the MMF. Our 3-D models incorporate 3-D geometrical layers of the fault, topography,
and basin features, as well as the Moho and upper-lower crustal boundaries. Our goal is to
compare GNSS velocity data with the surface velocities derived kinematically in
homogeneous and heterogeneous 3-D velocity structures under different scenarios of
interseismic locking and the different impacts of interseismic fault coupling and basin
structures. Further, we employ off-fault focal mechanisms to examine if changes in their
pattern could be linked to interseismic strain heterogeneity caused by changes in

interseismic fault coupling.

5.3. Data Set

In this study, we use interseismic GNSS-derived velocity data collected from the
campaign and continuous mode stations (black arrows with white arrowheads in Figure
2.3a; Ergintav et al., 2014) to estimate the interseismic behavior of MMF. To prevent
modeling of local deformation on the fault behavior, we excluded several GNSS sites from
this study, particularly those in extremely soft sedimentary zones or landslide areas in
Istanbul: N101, N103, N104, N107, N108, AVCT, OLU2, MAER, BGNT, and AVCI.
Thus, out of the original data set of 86 GNSS sites within our study area, we utilized a total
of 76 of them (Table A.1 in Appendix A). The larger east component's standard deviation
ranges from 0.09 to 1.81 mm/yr depending on the duration of the measurements and

whether it is a continuous or campaign station.

Compared to the GNSS measurements taken through the GNSS campaigns, the
stated continuous GNSS station uncertainties are much lower (Table A.1 in Appendix A).
When these data with their formal uncertainties are utilized for misfit computation, a few
continuous stations with very low stated uncertainties overwhelm the misfits. To overcome
this issue, the continuous stations' data covariance matrices are multiplied by 2.45, which
is equivalent to shifting the 96 percent confidence interval to 68 percent. For the Marmara
Island continuous station MADT, the reported standard deviation of 0.1 mm/yr is
multiplied by 5. Nevertheless, in addition to misfit values with modified uncertainties, we

also provide misfits employing the original uncertainties to inspect how much this choice
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changes our results and inferences, and we demonstrate that the best-fitting locking models

do not change significantly based on the choice of station uncertainties.

5.4. 3-D Marmara Model Setup and Method

For the purpose of developing a realistic and precise three-dimensional model of the

Marmara Region research site, we made use of the finite element algorithm PyLith 2.2.1

by Aagaard et al. (2013, 2017a,b). The model domain has a depth of 38 km and its east-

west length is 357 km, while the north-south width is 117 km, as shown in Figure 5.3.

Table 5.1 provides the coordinates for the edges of the model space, which can be seen in

Figures 2.1 and 2.2 as the red rectangle. The longitude of these coordinates ranges from

about 26.30° to 30.50°E, and the latitude ranges from about 40.20° to 41.20°N.

Table 5.1. The coordinates of the ground surface vertices used for the 3-D Marmara model.

Vertex Latitude

No °N)
1 40.197921
2 41.251069
3 41.198385
4 40.147146

Longitude
(°E)
26.306482
26.295462
30.552717
30.497283

UTM 35
Easting (m)
440972.500000
440972.500000
797916.812500
797916.812500

UTM 35
Northing (m)
4449955.500000
4566868.000000
4566868.000000
4449955.500000

Depth
(m)
24.153866
137.120377
-90.836754
792.099853
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Figure 5.3. (a) A 3-D model of the Marmara made with real topography-bathymetry from
Olson et al. (2014) separated by the MMF. The layers of the 3-D model are made up of
blocks of sediment, the upper and lower crusts, and the mantle. (b) Model boundaries and

the base of the sedimentary layer. (c) The MMF fault surface with slip rates comprising

east-west lettered 6 segments.
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A total of over 22 million tetrahedral elements make up the 3-D heterogeneous
layered model of the 3-D research area, while over 18 million elements make up the
homogeneous model. The tetrahedral element edge length is around 600 m, although their
sizes may change significantly based on how close they are to the topographic complexity
and fault zone. The reason for the increase in the total mesh number for the heterogeneous
model is that the mesher produces a greater number of meshes as the heterogeneous model
has more layers. In order to inspect whether this difference in the element numbers affects
the results, we used both meshes to make GNSS model estimates for a homogeneous
elastic model with a 10 km locking and compared the estimated velocities at the GNSS
sites. The fact that the estimated velocities are nearly exactly the same as given in Figure
5.4 suggests that the 18 million meshes are sufficient to compute the deformations

correctly for a completely homogeneous elastic material.
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Figure 5.4. A comparison between the blue vectors of the model with 18 million elements
and the orange vectors of the model with 22 million elements. All vectors are computed at
GNSS stations from the models with a 10 km fixed locking depth in a homogeneous

medium.

The MMF’s 3-D fault model was adapted from Hergert et al. (2011), which describes
the region as located between the longitudes of 27.25°E and 30.25°E. Using fault maps
from prior research (Armijo ef al., 2002; Carton et al., 2007; Cormier et al., 2006) as well
as seismic reflection data from previous studies (Bécel et al., 2009; Carton et al., 2007;

Laigle et al., 2008; Parke et al., 2002), Hergert ef al. (2011) made a 3-D model of MMF.
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Considering we select a broader model domain dimension than the one Hergert ef al.
(2011) used for the Marmara Region in the direction of east-west, we extend the on-land
part of the fault model further to the east and west from Turkey's official active fault map

prepared by the Mining Research and Exploration Agency (Emre et al., 2013).

5.5. Fault Slip Rates and Boundary Conditions of the Model Domain

We utilize a kinematic method in order to compute the surface velocity vectors and
apply velocity boundary conditions to all of the side surfaces and the base of the model
space by interpolating GNSS velocities relative to the Eurasian fixed reference frame

illustrated in Figure 5.5.
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Figure 5.5. Bottom boundary conditions represented with orange vectors and side
boundary conditions with blue vectors interpolated from Eurasia fixed GNSS data

(Ergintav et al., 2014) shown with black vectors.

The surface of the fault is likewise an inner boundary in our method, and the rate of
fault slip is prescribed and enforced as a velocity boundary condition for the unlocked parts
of the fault. On the other hand, the rate of slip for the locked parts of the fault is always set
to 0 mm/yr throughout the analysis. At the beginning of the process, we experimented with
two different ranges of values for the fault slip rates. When calculating the slip rates on the
faults, Hergert and Heidbach (2010) relied on a finite element technique where the faults
are freely sliding and estimated the fault slip rate along the faults in the whole of the

Marmara region. Another study by Ergintav et al. (2014) employed GNSS velocity profiles
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to find the rate of slip on MMF. According to findings by Ergintav et al. (2014), fault slip
rates for the Princes' Islands section are estimated to be 15 mm/yr, whereas the slip rates
for other sections range from 20-25 mm/yr. This is somewhat higher than Hergert and
Heidbach's estimations of 15-18 mm/yr since they find higher slip rates on faults that are
located south of the MMF. Our preliminary tests reveal that Ergintav et al. (2014)’s higher
slip rate estimates match the data better, and these values are quite similar to the slip rate

values of earlier studies by Meade et al. (2002).

We utilized the profile borders that were established by Ergintav et al. (2014) to
impose the slip rates on each section, but we additionally separated the Central Marmara
segment into more segments to understand the MMF’s interseismic behavior in more

depth.

left-lateral slip
e L//————> fault opening

reverse slip l

Figure 5.6. Fault slip sign conventions of PyLith, where left-lateral, reverse, and fault-

opening movements have positive values.

Table 5.2. MMF segment slip rates and boundary locations employed for this study.

West and East Boundaries Left-lateral  Opening

Segment Name (Lat°N-Lon°E) (mm/yr) (mm/yr)
A [zmit 40.72-29.20/40.70-30.53 -25 0
B Princes’ Islands 40.87-28.80/40.72-29.20 -15 6
C Kumburgaz 40.87-28.49/40.87-28.80 -20 0
D Central Marmara 40.80-28.04/40.87-28.49 -20 0
E Western Marmara 40.77-27.41/40.80-28.04 -20 0
F Ganos 40.46-26.30/40.77-27.41 -20 0
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Figure 5.3c and Table 5.2 (see Figure 5.6 for sign conventions) show the imposed
segment borders, which are set according to the relative strike of the fault geometry and

provide the slip rates for each boundary.

5.6. The Elastic Properties of the Model Domain

We employ many alternative sets of material properties for the layers that are used in
the modeling, all of which are provided in Table 5.3, so that we can examine how the
velocity structure heterogeneity affects our results. All of our models are employing the

same slip rates and the same 3-D fault geometry in this study.

As a starting point, we employ elastic homogeneous models that have average
densities and velocities of P and S waves (Hergert et al., 2011) as a point of comparison to
see whether heterogeneous features, such as basins, affect the accumulation of strain or
interseismic coupling inferences. Table 5.3 (Bassin et al., 2000; Hergert et al., 2011)
shows the values that were used for the heterogeneous models that have layers of the

mantle, upper crust, lower crust, and sedimentary basins.

Table 5.3. The elastic properties of the materials employed in the homogeneous model and

heterogeneous model layers (Bassin et al., 2000; Hergert et al., 2011; Rodriguez-Suarez,

2005).
Property (HM) (HT) 3-D Heterogeneous
Homogeneous
Sedimentary Laver Upper Lower Mantl
earmentary Laye Crust Crust ante
Sediments Soft Overburden Hard
(S) Sediments (0) Sediments
(SS) (HS)
Vp (m/s) 5630.1 2701.0 2500.0 2800.0 4400.0 6100.0 6600.0 7385.5
Vs (m/s) 3250.5 1297.5 1200.0 1165.0 2500.0 3500.0 3800.0 4264.0
Density
; 2650.0 2200.0 2100.0 2400.0 2500.0 2750.0 2900.0 3300.0
(kg/m?)
E (GPa) 70.0 10.0 8.1667 9.0901 39.4260  84.5292 104.8626  150.0

v 0.25 0.35 0.3503 0.3953 0.2616 0.2546 0.2521 0.25




37

We make use of the 3-D basin model that was developed by Hergert and Heidbach
(2010) and Hergert ef al. (2011). This model was derived from a number of studies of
seismic surveys done in the Marmara Sea (Bécel et al., 2009, 2010; Carton et al., 2007,
Laigle ef al., 2008). The SRTM15 bathymetry and topography model developed by Olson
et al. (2014) is used to build the 3-D topographic surface in our model. Both the boundaries
of the upper-lower crust and the Moho, which have variable depth within the model
domain, are derived from Kende et al. (2017), obtained from inversion of gravity

anomalies.

Elastic parameters of the sedimentary basin were obtained from Hergert and
Heidbach (2010)'s average values for Marmara Sea sediments. As shown in Table 5.3, we
also experimented with different additional values depending on the sedimentary structure
categories like overburden (Rodriguez-Suarez, 2005), soft sediments, and hard sediments

(Bassin et al., 2000) to find out how this selection affects our findings.

5.7. The Measure of the Misfit

We do not try to solve for the fault surface coupling coefficients (Klein et al., 2017),
taking into account the inadequate geodetic data resolution. Instead of finding these
coefficients, we make the assumption that each fault section is either fixed at a locking
depth that we optimize or is creeping at the plate rate. When testing the different locking
depths for all fault sections, both homogeneous and heterogeneous elastic models are used.
These models are abbreviated in the tables as HM and HT, respectively. Next, we compute
the ground surface velocities at the GNSS stations. Then, we compare the misfits to the

GNSS velocity data to find the model that fits the data best.

The distribution of locking depth throughout the MMF is optimized using a two-step
process. Process one is to use the profile boundaries and segment orientations specified in
Figure 5.3¢ and Table 5.2 to compute fault-parallel velocities, as done by Le Pichon et al.
(2005) and Ergintav et al. (2014). Using Equation (5.1), we next compute the misfits based

on fault-parallel velocities.
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Fault-parallel projections of velocity data and model estimates at the GNSS site 1 for
each segment are shown as dy' and p,' in the equation, respectively. The 1-c data
uncertainty for the fault-parallel direction is denoted by op'. The profile method does not
take into account the 3-D impacts of the fault geometry and hence has a tendency to fail at

the segment edges or in areas where the interseismic fault behavior significantly varies.

First-order locking depth estimates for each segment are obtained using Equation
(5.1). This method is also used to set the best-fitting locking depths of the izmit and Ganos
sections, which are shown in Figure 5.3c as segments A and F, that constitute the model's
eastern and western boundaries, respectively. Since we know that these two sections are
locked, we utilize this simple method to set locking depths for those sections. This lets us
optimize fewer parameters during the grid search for the sections from B to E that lie

below the Marmara Sea, as shown in Figure 5.3c.

To achieve the final best-fitting model, we conducted a grid search to determine the
optimal locking depth for each segment that lies under the Marmara Sea. Due to the fact
that we use a 3-D heterogeneous structure and fault model, we use Equation (5.2) to
compute the misfits between the entire horizontal velocity data and model predictions as

follows:

= ——30%[dl —pl d—pi] [V dh —ph di—pi], (5.2)

2nsta—1

d' represents the i station’s horizontal velocity data, p' is the predicted horizontal model

prediction, and

Ok pEN]’

[Cal = PEN On

(5.3)

[Cd] represents the data covariance matrix (for the values see Table A.1 in Appendix A).
The east and north components of the horizontal vectors are denoted by the subscripts e

and n, respectively.
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6. FORWARD MODELING RESULTS FOR MARMARA GROUND
DEFORMATION

6.1. A Constant Locking Depth Grid Search for the Main Marmara Fault

As a preliminary step in this part of our study, grid search of constant locking depths
between 0 and 20 km are done throughout all MMF’s segments in both homogeneous and
3-D heterogeneous media, as shown in Figures 6.1 and 6.2, respectively. Then, the best-

fitting locking depth for each individual section is estimated.

Figure 6.3a displays the GNSS velocity data as well as the fault-perpendicular
profiles and their boundaries. Figures 6.3b and 6.3c¢ show fault-parallel model estimates of
fixed locking depths between 0 and 20 km over the whole MMF, with calculations
performed at 2.5 km depth intervals in both elastic 3-D homogeneous and heterogeneous
structures. In addition, Figures 6.3d and 6.3e show the misfits of these profiles in both
homogeneous and heterogeneous media. Profiles A and F, which correspond to the Gulf of
[zmit and the Ganos sections, show clear evidence of considerable strain accumulation, as
shown in Figure 6.3. Since the measurements are rather far from the MMF, as predicted,

there is less constraint on segments under the Marmara Sea (Klein et al., 2017).

However, in order to get a preliminary assessment of the interseismic locking
behavior, we computed the best-fitting locking depth for each segment by comparing the
misfits shown in Figures 6.3d and 6.3e. Based on the misfits from east to west, the
homogeneous model suggests locking depths of 5 km for sections between A and D,
whereas the heterogeneous model suggests 7.5 km for sections A, B, and C and 10 km for
D. When 3-D homogeneous and heterogeneous models are compared, it becomes clear
since the sediments seem to localize strain to some extent and using a homogeneous half-
space leads to an underestimation of the locking depth. Due to the distance of the coast on
either side of the fault, it is difficult to impose any constraints on the interseismic behavior
of segment D, which is the Central Marmara section. According to the findings of both the
homogeneous and the heterogeneous models, the best explanation for the fault-parallel

velocities in segment E is a fully creeping fault, including the Tekirdag Basin, Western
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High, and west of the Central Basin, while a locking depth of 7.5 km is shown to be the

most appropriate for segment F, which is the Ganos section.

6.2. Models with Varying Locking Depths and the Best-Fitting Model

After completing the models with a fixed locking depth throughout the whole MMF,
we move on to the models that have different locking depths in each segment to optimize
the locking depth distribution beneath the Sea of Marmara. Because the Izmit and Ganos
segments (segments A and F in Figure 6.3) clearly exhibit behavior that is very indicative
of being locked, and the locking behavior is relatively well-constrained since these two
segments have sufficient stations onland that are close to the fault. Hence, in order to
decrease the number of parameters to explore, we set the locking depths for these two
segments at 7.5 km, as derived by the fault-perpendicular profiles in the previous Section
6.1. Due to the complexities of the segments under the Marmara Sea from B to E, we
carried out a grid search at 0, 5, and 10 km locking depths in order to find out which

locking depths were best for these segments.

In this part of our study, we use Equation (5.2) to figure out the misfits from the
horizontal geodetic velocities. It is a better approximation than Equation (5.1) because it
takes into account the velocity vector orientations and it is not necessary to define profiles
and associate GNSS stations with these profiles. This is especially problematic where the
interseismic behavior and the fault geometry change significantly. To get a more sensitive
misfit for the MMF's interseismic behavior under the Marmara Sea, we only used stations
between the longitudes of 27.2°E and 29.2°E that were less than 20 km from the MMF. In
order to minimize large coverage gaps, four additional stations (SELP, SVRI, MISL, and
MADT) were included within 20-30 km of the MMF, resulting in a total of 21 sites. Table
C.1 in Appendix C lists all 81 models and their misfits.
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Figure 6.1. Model estimations at GNSS sites for fixed locking depths between 0 and 20 km

in an elastic homogeneous medium, tested against GNSS velocities for (a) over the whole

Marmara, (b) Central Marmara (the zoom-in on the green frame in (a)), and (c) Western

Marmara (the zoom-in on the brown frame in (a)).
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Figure 6.2. Model estimations at GNSS sites for fixed locking depths between 0 and 20 km
in an elastic 3-D heterogeneous medium, tested against GNSS velocities for (a) over the
whole Marmara, (b) Central Marmara (the zoom-in on the navy frame in (a)), and (c)

Western Marmara (the zoom-in on the purple frame in (a)).
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Figure 6.3. (a) Observed GNSS velocities shown by black arrows, profile boundaries indicated in a

variety of colors for each segment, and GNSS stations that are in these profile zones, which are

also listed in Table B.1 in Appendix B. (b) Fault-parallel GNSS velocities shown as black circles

with error bars and model estimates along the profiles shown as solid lines for locking depths

between 0 and 20 km in a homogeneous elastic medium and (c) in a 3-D heterogeneous elastic

medium. (d) The weighted RMS misfits calculated within each profile zone using Equation (5.1),

shown with the identical profile colors in (a) employing locking depths using a grid space of 2.5

km in a homogeneous structure and (d) in a 3-D heterogeneous structure.
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The histogram distribution of ¥ misfits ranging from 4.4 to 8.1 for the 21 sites that
are located in close proximity to the MMF is shown in Figure 6.4a. On the basis of the
misfit value distribution, we make the assumption that the 27 models with misfit values of
less than 5.1 are those that fall within the first two bins of the histogram, which reflect the

cluster of best-fitting models.

Figure 6.4b shows how the locking depths of 27 acceptable models are distributed
throughout each segment. The pattern is similar to that derived previously from fault-
perpendicular profiles, indicating that segment E of the Western Marmara portion is most
likely to be unlocked. The remaining three sections under the Marmara Sea are more
difficult to specify. Still, a 5-10 km locking depth is more realistic for Central High, which
is segment D, than a scenario in which the fault is completely creeping. While section C
seems to have fewer constraints, it is likely that the locking depth of the Princes' Islands,

segment B, is 5 km.
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Figure 6.4. (a) Histogram distribution of > misfits from the locking depth grid search for
the Marmara Sea segments B to E in Figure 5.3¢ based on 21 GNSS sites near the MMF.
(b) The distribution of locking depths for 27 accepted y>< 5.1 models, represented by bars
of the same color as the relevant segments, and the best-fitting locking depth for each

section, shown by a thick navy line.
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Figure C.1 in Appendix C displays the same analysis utilizing all 76 GNSS sites in
the research region with the modified covariance matrices, whereas Figure C.2 displays the
distribution of misfits using the covariance matrices that were originally reported. The
results of accepted models and the best-fitting models both provide distributions of
interseismic locking that are very similar to one another, as shown in Table C.1 in
Appendix C. The differences in misfit values between the different interseismic models are
lower when all stations are taken into account, which is the fundamental distinction. The
main reason for this is that most stations are not situated within an adequate distance to the
parts of the MMF under the Marmara Sea and are unable to detect changes in interseismic

fault behavior.

We constructed 36 additional models using a 2.5-km grid around the best-fitting
models for fault sections C to E to get the final best-fitting model shown in Table C.2 of
Appendix C. According to the findings, segment C's locking depth is not well constrained
but the locking depths of the other segments are constrained to some degree. The offshore
acoustic data that was gathered over a 2.5-year period by Lange et al. (2019) also
demonstrates that the fault along the Central High is locked at the surface, which runs
along the border between sections C and D, giving additional proof that these are locked
sections. The locking depth of section C is about the same as that of section B, mainly
because it results in one of the smallest residuals and the findings of the submarine

geodetic survey.

In Figure 6.4b, the thick navy line represents our final best-fitting model. Segments
A to D of the MMF, stretching between Izmit and the east of the Central Basin, are locked.
In the west, segment E of the Western Marmara is completely creeping, while segment F

of the Ganos section is locked down to a depth of 7.5 km.

Considering that estimates for sections B and C are near to the average grid point, we
computed the mean and standard deviation to provide an approximation of the uncertainty
of locking depth estimates for these two segments. For sections B and C, the calculated
mean and standard deviation are, respectively, 3.15+2.41 km and 4.26+3.78 km. Because

of this, we infer that the estimations might be off by about 3 km.



46

In the Central and Eastern Marmara, it is harder to figure out the exact details of
interseismic coupling, while the locking distribution can be more tightly constrained in the
Western region of the Marmara. Based on the best-fitting models, it becomes clear that
there is a low coupling to high coupling transition between the Western Marmara and

Ganos segments.

In particular, our goal was to find the location of this transition point from the
creeping section E of the Western Marmara segment to the locked section F of the Ganos
segment. By moving the transition point along the fault by 5 km in a systematic manner,
we were able to calculate the model estimates at the neighboring GNSS sites, as shown in
Figure 6.5. The best-fitting transition from the Western Marmara segment to the Ganos
segment happens precisely at the restraining bend at about 27.41°E longitude, shown in
Figure 6.5 by the cyan circle, where the MMF curves 18° southward (Seeber et al., 2004).
Figures 2.3a and 6.5 also show that this transition is marked by numerous earthquakes both
on and off the MMF. This serves as further proof that there is a geometrical border

between these two segments which is also characterized by a change in fault coupling

behavior.
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Figure 6.5. Optimization for the transition location between the fully creeping section E of the
Western Marmara segment and the fully locked, extending down to a depth of 7.5 km, section F of
the Ganos segment by comparing GNSS velocities displayed as black arrows against model
estimates at neighboring GNSS stations, with the arrows of the same color as the relevant transition
points, and the best-fitting transition point shown by a bigger cyan circle. The M > 2 earthquake
epicenters (Schmittbuhl ef al., 2016b) are shown with purple circles. The black lines are the fault

lines (Emre ef al., 2013), whereas the bold black line is our model’s MMF surface trace.
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Figure 6.6 displays the best-fitting 3-D elastic interseismic model for homogeneous
and heterogeneous media. When the 3-D heterogeneous structure is taken into account, the
black sections illustrate the MMF's locked zones. The white lines represent the locking
depth limits of the best-fitting model for an elastic medium that is homogeneous. We found
that estimates of the locking depths made with a homogeneous elastic medium were lower
than those made with a heterogeneous elastic medium. There is also a strong correlation
between the creeping zone location and the distributions of repeating earthquakes and a

high rate of seismicity, as shown in Figure 6.6.
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Figure 6.6. The 3-D Marmara Region model and MMF, along with the best-fitting locking

depth distribution and interseismic slip rates. In our 3-D heterogeneous best-fitting model,

the locked parts of the fault are shown in black, while the white lines show the base of the
shallower locking depth estimations made with a homogeneous model. The pink line is
where the bottom layer of sediments cuts through the MMF. Seismicity located within 5
km of the MMF is shown as purple circles (Schmittbuhl et al., 2016b), the 2019 Silivri
earthquake series as green circles (Karabulut ef al., 2021), and repeating earthquakes as

cyan circles (Schmittbuhl ef al., 2016a; Uchida et al., 2019).

Figure 6.7 shows a comparison between the residual vectors of our 3-D
heterogeneous best-fitting model (HT S VB) and those of models with a fixed locking
depth of 10 km (HT S C10) and 15 km (HT S C15) along the whole MMF. Figure 6.8
shows the same comparison but for the zoom-in on the Eastern Marmara, particularly the
Istanbul region and its surroundings. When there is a variation in the locking behavior of

the Ganos section and the Tekirdag Basin, the Western Marmara residuals are much lower.
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The Eastern Marmara's residuals are greater, which is most likely due to the fault's distance
from onshore stations as well as the fact that GNSS data may have greater uncertainties
than reported. Even nearby GNSS stations, particularly on the Princes' Islands, exhibit

conflicting vectors. This cannot be explained by fault coupling alone.
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Figure 6.7. (a) Observed GNSS velocities (black arrows with error ellipses of 95%) in comparison
to estimates made in heterogeneous media with the HT S VB best-fitting model (red arrows),
HT S C10 fixed to a 10 km locking depth model (green arrows), and HT S C15 fixed to a 15 km
locking depth model (blue arrows). The error ellipses in purple represent continuous stations with
uncertainties multiplied by a factor of 2.5, while the error ellipse in orange represents a station with
uncertainties multiplied by a factor of 5. (b) Residuals calculated by subtracting model estimates
made with best-fitting locking (red), fixed at a 10 km locking (green), and a 15 km locking (blue)

from GNSS velocities shown with 1-c error ellipses.
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Figure 6.8. Zoom-in on the Istanbul region (a) observed GNSS velocities (black arrows
with error ellipses of 95%) in comparison to estimates made in heterogeneous media with
the HT S VB best-fitting model (red arrows), HT S C10 fixed to a 10 km locking depth

model (green arrows), and HT S C15 fixed to a 15 km locking depth model (blue arrows).
The error ellipses in purple represent continuous stations with uncertainties multiplied by a
factor of 2.5, while the error ellipse in orange represents a station with uncertainties
multiplied by a factor of 5. (b) Residuals calculated by subtracting model estimates made
with best-fitting locking (red), fixed at a 10 km locking (green), and a 15 km locking (blue)

from GNSS velocities shown with 1-c error ellipses.
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6.3. The Effect of the Sedimentary Basins and Fault Coupling on the Strain Rate

Distribution

The presence of sedimentary basins may result in large variations in predictions of
velocity and strain rate patterns even if the conclusions about interseismic motion do not
dramatically vary. We computed the maximum shear at each mesh node by combining
linearly the maximum and minimum eigenvalues of the strain rate tensor to figure out the
conflicting impacts of the interseismic behavior and the deep sedimentary basins. In
Equations (6.1) and (6.2), € represents the maximum shear strain where A1,2 are eigenvalues
of the strain rate tensor, &€ and &nn are the normal strains in the directions of east and north,
respectively, and €en is shear strain acting on the ground surface.

. A =2,
€maxshear = T (6.1)

) Eoe — Enn\ 2
€maxshear = (%) +(€en)2 (6'2)

Figure 6.9 shows a comparison between the maximum shear strain rates of our best-
fitting 3-D heterogeneous model (HT S VB) and those of models with a fixed locking
depth of 10 km over the whole MMF in both homogeneous (HM_C10) and heterogeneous
(HT_S_C10) mediums. Based on this comparison, it can be inferred that basins confine
shear strain close to the fault under the Marmara Sea. Therefore, these basins must be

incorporated to build an appropriate interseismic model.

Figure 6.10 shows a comparison between the calculated ground surface velocities of
our best-fitting model (HT S VB) and the model with a fixed locking depth of 10
kilometers (HT S C10), both of which use the same 3-D heterogeneous structure. Most of
the differences in ground velocities between these two models can be seen in the segments
of Western Marmara and the Princes' Islands. On the other hand, the inland stations
provide almost identical results for the remaining parts, which shows that these stations are
relatively insensitive to interseismic coupling. This comparison clearly shows that unless
we can measure interseismic strain rates beneath the sea, it is extremely challenging to put

constraints on the fault behavior in the Central Marmara and Kumburgaz segments.
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Figure 6.9. Ground surface maximum shear strain rate fields for (a) a homogeneous model
with a fixed locking depth of 10 km (HM_C10), (b) a heterogeneous model with a fixed
locking depth of 10 km (HT _S_C10), and (c) the heterogeneous best-fitting model
(HT_S_VB).
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Figure 6.10. The ground surface velocities for the 3-D heterogeneous model with (a) the
best-fitting locking depth (HT S VB) and (b) a fixed locking depth of 10 km
(HT_S _C10). The colors and vectors show the magnitudes and directions, respectively. (¢)
The differences between these two models, HT S VB and HT S C10, with a saturation
rate of 5 mm/yr.
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6.4. A Comparison of Different Proposed Elastic Properties and Interseismic

Locking Depths with the Best-Fitting Interseismic Model

In this part of the study, our best-fitting interseismic model employing the 3-D elastic

heterogeneous structure is compared to several alternative scenarios of interseismic fault

behavior proposed by the geodetic data or seismicity patterns, and elastic structures. As a

point of reference, these models are also compared to models with the same locking

throughout the whole fault. The scenarios that were analyzed are detailed in Table 6.1.

Figure 6.11 displays the computed ¥ misfits to the geodetic data for the 21 sites

surrounding the MMF, while Figure 6.12 displays the misfits utilizing all of the available

stations.

Table 6.1. Tested models named based on material compositions and locking depths

(Y1ilmaz et al., 2022).

West-to-East Locking Depth of A-F

Lockin, . :
Model £ 3-D Material Structure Sections
Type
F E D C B A
HM_ Vb Best-fitting Homogeneous 7.5 0.0 5.0 50 50 5.0
HT HS VB  Best-fitting Heterogeneous Hard 75 00 100 50 50 75
- - Sediments
HT O VB Best-fitting Heterogeneous Overburden 7.5 0.0 100 50 50 75
HT SS VB  Best-fitting  Heterogeneous Soft Sediments 7.5 0.0 100 50 50 75
HT S VB Best-fitting Heterogeneous Sediments 7.5 0.0 100 50 50 75
Heterogeneous
ft sediments in th th
HT LeP VB  Bestfiting o scdiments in the sou 75 00 100 50 50 75
- - Hard sediments in the north
(Le Pichon et al., 2005)
Heterogeneous See the blue curve in Figure 2.3b for the
HT S Sch  Schmittbuhl .g locking distribution (Schmittbuhl e? al.,
- Sediments
2016b).
HT S Er Ergintav Heterogeneous 90 00 00 00 50 50
Sediments
HM_ CX Constant Homogeneous X X X X X X
HT S CX Constant Heterogeneous Sediments X X X X X X
Heterogeneous
HT LeP C10  Constant Soft sediments in the south 000 0 g

Hard sediments in the north
(Le Pichon et al., 2005)

"X" is the continuous locking depth that is present over the whole of the fault, and
it can range anywhere between 0 and 20 km.
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Figure 6.11. Geodetic misfits based on 21 GNSS sites near the MMF for the models (a)
with different elastic properties of materials and locking depths and (b) with different

sedimentary layer material properties (for model descriptions, see Table 6.1).

In the first step of our assessment, the misfits of the fixed locking depth models with
homogeneous and heterogeneous 3-D elastic media were compared, and the results showed
that the 3-D heterogeneous models provided better fits to the GNSS velocities in Figure
6.11a. The cases in which the fault is fully unlocked from Izmit all the way to the Ganos
section (HT_S_CO0; y* = 9.95) and the cases in which the entire MMF is completely locked
down to a depth of 15 km (model HT S C15; 32 = 14.44) both result in very high misfits
and can be completely outruled. Although the fits are improved with a fixed locking depth
of 10 km along the whole MMF (HT S C10; ¥ = 8.40), the model's performance is still
significantly lower compared to that of our best-fitting model, which assumes that along

the fault there is a variation in locking depths (model HT S VB; y2 = 4.41).

Next, we check to see if the asymmetric sedimentary structure proposed by Le
Pichon et al. (2003, 2005) provides enough explanation for the geodetic data on its own
without any variations of the locking behavior. To construct models with a large contrast in
rigidity across the fault, it is assumed that the sedimentary layers north of the main fault
are composed of hard sediments and that the sedimentary layers south of the main fault are
composed of the soft sediments specified in Table 5.3. For the sedimentary layers, this
contrast means that there is about a 5-fold rigidity ratio across the fault. In spite of this
being the highest rigidity contrast we can get utilizing realistic values for elastic sediments,
it is still lower than the rigidity ratio of 10 proposed by Le Pichon et al. (2005), who also
agree that a 10-fold rigidity ratio is quite large.
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Model HT LeP C10 (x> = 8.49), which has a rigidity ratio of about 5 for
sedimentary basins across the fault and a locking depth fixed down to 10 km along the
entire length of the MMF, close to the 10.5 km estimated value of Le Pichon et al. (2005),
fits much less than our best-fitting interseismic locking model HT S VB (x? = 4.41),
particularly in the Western Marmara. This leads us to the conclusion that a plausible

rigidity contrast by itself is not enough to explain the observed GNSS velocities.

In order to examine whether utilizing seismicity as an indicator for interseismic
locking is an appropriate strategy, we examine the locking depth model suggested by
Schmittbuhl et al. (2016b), shown with the blue curve in Figure 2.3b, and estimate the
GNSS velocities using this model. The model HT S Sch (y? = 7.74), which is based on
Schmittbuhl et al. (2016b)'s locking distribution, does worse than our best-fitting geodetic
model, but better than the fixed locking depth models. The locking variation pattern of
Schmittbuhl ez al. (2016b) is similar to that of our best-fitting geodetic model. However,
the locking depths predicted by the seismicity are about 5 km deeper than those predicted

by the geodetic model, resulting in lower geodetic data fits.

The last test is the model built based on the fault locking proposed by Ergintav et al.
(2014). In this model, all the segments between the Ganos and Princes' Islands are
unlocked (see Table 6.1 for model HT S Er). The misfit of this model (y? = 6.31) is
higher than that of the best-fitting model (% = 4.41), in which just the Western Marmara
section is unlocked. Based on the results of this test, it seems that a shallow locked fault
rather than a completely creeping fault is more likely to be found under the Eastern Central

Basin and Kumburgaz segments, which are segments C and D, respectively.

Finally, we utilize four distinct kinds of sedimentary formations from Table 5.3 for
our best-fitting locking depth model to see if the type of material has a big effect on
geodetic misfits. In the misfit comparison shown in Figure 6.11b, the hard sedimentary
HT HS VB model (y* = 4.84) performs the worst. A somewhat better misfit than the
symmetric models is produced when our previously acquired best-fitting locking depth
model is combined with the asymmetric elastic model (model HT LeP VB, ¥ = 4.21).
This test reveals that interseismic behavior dominates the observed pattern. However,

asymmetric strain buildup is a small contributor, with higher strain localized south of the



56

MMEF. When all 76 GNSS sites in the Marmara area are taken into account in the test, it
yields findings that are quite identical to those previously obtained (Figure 6.12).
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Figure 6.12. Geodetic misfits based on all 76 GNSS sites in the Marmara region for models
(a) with different elastic properties of materials and locking depths and (b) with different

sedimentary layer material properties (for model descriptions, see Table 6.1).
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7. DISCUSSION

7.1. Interseismic Behavior and Structural Heterogeneity Along the Main

Marmara Fault

In prior research, interseismic GNSS data sets that were very similar to the ones we
utilized in this study were discussed in two different ways: one was in terms of the
accumulation of asymmetric strain caused by deep sedimentary basins (Le Pichon et al.,
2003, 2005), and the other was in terms of the interseismic locking behavior along the
MMF (Bulut et al., 2019; Ergintav et al., 2014; Klein et al., 2017; Meade et al., 2002;
Ozbey et al., 2021). The results of geodetic surveys conducted offshore provided
substantial proof of interseismic surface heterogeneity, although the impacts of deep basins

on interseismic behavior were not well examined.

The goal of this section is to get a better understanding of the influence of both 3-D
structures as well as heterogeneous interseismic coupling factors. This is done by
comparing the ground surface strain rates obtained from homogeneous and 3-D
heterogeneous models in which the fault is either fixed or has a variable locking. Figure
6.9 shows that the strain is localized south of the fault line near the Princes’ Islands
segment. This is because of both the fault bend that causes a restraining belt and the dips
toward the south. Figure 2.3a also shows that the earthquakes are similarly localized south
of the fault line in this region. On the other hand, the geodetic data, particularly in the
Western Marmara, is insufficient to explain and evaluate the impacts of the basins since
the on-land GNSS stations surrounding the segments further west of the Princes’ Islands
are not close enough to the fault. When the heterogeneous and homogeneous elastic
models are compared, it is obvious that the models that incorporate basin effects result in a
deeper locking depth, indicating that the heterogeneous structure influences the locking
depth. Although it is not feasible to place strict limitations on the interseismic fault
behavior in order to get a full coupling map, our findings demonstrate that the data,
particularly in the Western Marmara, is well explained by the interseismic locking

behavior.
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When evaluating interseismic behavior, Ergintav et al. (2014) and Le Pichon et al.
(2005) described profiles differently. This was mostly due to the Marmara Island GNSS
stations, which impose constraints to the south of the fault. According to Le Pichon et al.
(2005), the station MISL on Marmara Island belongs to the Western Marmara profile and
supports the idea of asymmetric strain buildup, whereas stations MADT and MISL are
both considered part of the Ganos segment profile by Ergintav et al. (2014), who evaluate

them as evidence that the Ganos segment is locked.

A more effective approach is to consider the GNSS velocities as being a result of the
deformation of a continuum with a heterogeneous elastic structure and 3-D fault geometry.
This is because the medium itself is a continuum that has heterogeneities and the Marmara
Island is located in close proximity to both the Western Marmara and Ganos sections of the
MMEF. The fit of our model to the Western Marmara stations is much improved, as shown
in Figure 6.7. In this model, the fault is locked all along the Ganos section but is unlocked
under the Tekirdag Basin, Western High, and the west of the Central Basin. For the
Princes' Islands and Kumburgaz segments, the fault coupling is harder to constrain
(Figures 6.7 and 6.8). Our interseismic model with creep under the Western High and
coupling under the Central High is compatible with the findings of Sakic et al. (2016),
Lange et al. (2019), and Yamamoto et al. (2019) from submarine geodetic deployments

and exhibits a very similar pattern.

Due to insufficient resolution, it is also crucial to highlight that we do not try to find
the coefficients of the interseismic coupling on the fault surface. Yamamoto et al. (2019)
observed creep at half the plate velocity, which is around 10 mm/yr for the Western
Marmara stretch of the fault, where we found that this segment is fully unlocked. We find
it more useful to concentrate on the interseismic behavior at the larger scales in our

research than to employ surface measurements as a restriction.

Our fully elastic model ignores time-dependent or inelastic effects, which might be
another element contributing to a complicated long-term velocity pattern, particularly in
unconsolidated sediments. Throughout their 10 to 20-year observation time frame,
however, continually measuring GNSS stations exhibit relatively consistent velocities with

negligible temporal fluctuations, excluding seasonal signals (Ergintav et al., 2014). Even
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though those inelastic effects might cause permanent deformation, it is expected that they
are extremely minor in a seismic cycle and that the majority of the strain builds up

elastically near the fault.

7.2. Interseismic Coupling, Distribution of Seismicity, and Repeating Earthquakes

along the MMF

Recent studies indicate that seismic activity along the MMF is distributed
heterogeneously (e.g., Schmittbuhl ef al., 2016b), which is thought to be caused by
interseismic coupling. As shown in Figure 2.3, the Izmit and Ganos sections have low
seismicity along the MMF, whereas parts under the Marmara Sea have greater rates. Both
the Mw 7.4 Izmit and My 7.2 Diizce earthquakes that occurred in 1999, which exhibited
supershear rupture velocities (Bouchon et al., 2001; Konca et al., 2010), broke the section
of low interseismic activity in the region. On the contrary, the Mw 6.9 North Aegean
earthquake that occurred in 2014, which exhibited a slow rupture velocity of 1.5 km/s
(Konca et al., 2018) and a very long source duration of 40—50 s and a source length of 90
km compared to its magnitude, ruptured further west of the Ganos segment and broke the

section of high interseismic activity in the region.

Historical earthquakes (Ambraseys, 2002; Bastiirk et al., 2017; Dikbas et al., 2018;
Meghraoui et al., 2012), which give additional evidence for the MMF's varying
interseismic locking behavior, demonstrate that the Ganos and izmit portions produce

major earthquakes more frequently than the part of the fault under the Marmara sea.

In Figure 6.6, the relationship between high seismicity rate and low fault coupling
along the major fault is rather noteworthy. When a heterogeneous medium is used, the
locking depth is estimated to be deeper. This makes the locked parts of the fault more
consistent with the absence of seismicity. Even so, based on geodetic data for the locked
segments, the best-fitting locking depths are estimated to be between 5 and 7.5 km. This is
substantially lower than the background seismicity estimates of 10 to 15 km.
Geometrically complicated segment borders also cause considerable seismicity, making the
seismicity patterns more complex. In this regard, the seismicity near the major fault

appears to be caused by both interseismic behavior and geometrical complexity.
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Furthermore, repeaters documented in various studies (e.g., Schmittbuhl et al.,
2016a; Uchida ef al., 2019) are situated inside the zone in which the fault is predicted to be
creeping. This is shown in Figure 6.6, which depicts the correlation between the presence
of repeaters (Harris, 2017) and interseismic creep. Our findings lead us to the conclusion
that the seismicity rate along the MMF and the repeaters in the Marmara Sea are probably

related to the interseismic fault behavior.

7.3. Interseismic Behavior and Focal Mechanisms Along the MMF

In Figure 7.1, a comparison is made between the dilatational strain rates, which are
the summation of the elements on the diagonal of the horizontal strain rate tensor, at a
given locking depth of 10 km throughout the whole MMF, both in a homogeneous
(HM_C10) and heterogeneous (3-D) medium (HT S C10), as well as the one that was
derived employing the interseismic best-fitting locking model in a heterogeneous 3-D
elastic medium (HT S VB). In this dilatation figure, the red zones with positive values
show regimes of extension, while the blue zones with negative values show regimes of
compression. Compared to a model with fixed interseismic locking throughout the fault
and a homogeneous elastic structure, heterogeneity in velocity structure and fault coupling

results in a more complicated strain buildup near the fault.

When the crust is homogeneous and the locking is fixed at a depth of 10 km, the
amount of dilatation that occurs is negligible (Figure 7.1a). The incorporation of the 3-D
heterogeneity causes an increase in extensional strain rates in the Cinarcik Basin as well as
a minor increase in complexity at the Ganos Bend (Figure 7.1b). Analyzing the effect of
the heterogeneous fault coupling, the Western Marmara segment's right-lateral movement

causes dilatations at the creeping zone's edges (Figure 7.1¢).

We analyzed whether the estimated dilatational strains caused by changes in
interseismic coupling are compatible with the earthquake focal mechanisms in those zones
to find out if they can be trusted. The one-week-long 2019 Silivri earthquake series
(Durand et al., 2020; Irmak et al., 2021; Karabulut et al., 2021) north of the MMF,
especially, showed that the region's stress regime was more complicated than expected, as

illustrated in Figure 2.3. According to most definitions, the Marmara Sea Region is either a
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pull-apart system (Armijo et al., 2002) or a shear zone with substantial extension (e.g.,
Rangin et al., 2004). In Figure 7.1c, all of the modeled earthquakes that occurred in 2019
in the Silivri region featured considerable thrust components, which demonstrated

compression in this zone.

Figures 7.1a and 7.1b show the dilatational strains caused by a complex MMF
geometry with a fixed locking, which cannot explain the observed compression in the
Silivri region. In Figure 7.1c, we evaluate whether focal mechanism changes in high
dilatation zones can be related to interseismic MMF behavior. We collect the 2019 Silivri
earthquake focal mechanisms from Karabulut ef al. (2021), while additional focal
mechanisms for the other zones of the Marmara Region come from Pinar et al. (2003) and

Oztiirk et al. (2015).

The focal mechanism patterns of the region are rather complicated. As a result, in
order to simplify, we compute the best-fitting focal mechanisms representing each zone by
adding the moment tensors of all the earthquakes and then obtaining the best-fitting
double-couple mechanism, which is shown in Figure 7.1c with the black beach balls.
Furthermore, we use an iterative technique developed for stress inversion by Vavrycuk
(2014) to derive the orientations of regional stresses (Table 7.1) that result from these focal
mechanisms. This approach does this by focusing on the differentiation of the primary and
auxiliary fault planes and then solving for the orientations of stresses under the assumption

that the stress tensor has a trace of zero.

Table 7.1. Principal stress axes for each Marmara seismotectonic zone obtained by stress

inversion of the M > 2.5 earthquake focal mechanisms.

Seismotectonic N o1 02 03
Zone Azimuth  Plunge  Azimuth Plunge Azimuth Plunge

North of Ganos 9 2944160 79.6616 145.0217 89232 542063  5.1787
South of Ganos 27 2993301  12.2092 124.1286 77.7492  29.5452  0.9941
Silivri 12 151.6107 13.6096 248.6879 269714 37.5750 59.2727
South of Cinarcik 37  137.2571  88.3640 3019643  1.5781 31.9762  0.4313
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A comparison between the ground surface dilatational strain rates, which were
computed using the best-fitting interseismic model, and the earthquake focal mechanisms
in the high dilatation rate zones is shown in Figure 7.1c. Additionally, Figure 7.2 displays
slices taken from the depths of 5 and 10 km. The zone of compression that is located at the
northeast edge of the creeping segment matches the compression seen during the 2019
Silivri earthquakes north of the main fault. We could not find any earthquakes southeast of
the creeping segment that we could use to evaluate in relation to the observed dilatations.
In contrast to the eastern tip of the creeping segment, the western tip is characterized by
extension in the north of the Ganos Bend and compression in the south. While the pattern
of earthquakes occurring in the southern portion of the region is complicated, those

occurring north of the MMF match the estimated extension of the interseismic creep.

The calculated patterns of strain rate that are caused by the interseismic
heterogeneous coupling are completely compatible with the changes in focal mechanisms
on each side of the MMF as well as variations in the orientations of stresses. The predicted
extension of the Cinarcik Basin, which can be attributed to both asymmetric geometries of
fault and basin, is also compatible with the earthquake mechanisms that are present in this
region. In addition, the inversions of stresses display changes that are in agreement with

the strain rate perturbations that were calculated using the interseismic best-fitting model.
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Figure 7.1. Ground surface dilatation rate fields for (a) a homogeneous model with a fixed
locking depth of 10 km (HM_C10), (b) a heterogeneous model with a fixed locking depth
of 10 km (HT S C10), and (c) the heterogeneous best-fitting model (HT S VB). Dark
gray focal mechanisms indicate off-fault Mw > 2.5 earthquakes, whereas black ones
suggest double-couple moment tensors that are best fitted for each region. Each zone's

principal stress directions are also displayed.
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Figure 7.2. Dilatation rate fields for the 3-D heterogeneous best-fitting elastic model
(HT_S VB) at (a) 5 km and (b) 10 km depths.
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8. CONCLUSIONS

In the thesis, a realistic FEM model was built to examine the ground deformation and
strain buildup caused by the MMF in the Marmara region, as well as to better understand
the dominant fault behavior and the lithosphere's rheological characteristics that best
explain the deformation. The FEM technique's execution steps, including the preparation
stages, are also described, which enables a more detailed analysis of the problem domain
by overcoming the inherent limitations of the half-space assumption and allowing the
deployment of a 3-D heterogeneous model that takes into account both topography and
material heterogeneities. A grid search for fault segment locking depths is performed to
extract the distribution of the locking depths beneath the MMF in the Sea of Marmara,
which results in a better match for the majority of stations between the observed GNSS
measurements and the computed deformation. When compared to the models with a
constant fault locking depth, it is concluded that the model with a variable fault locking

depth generates a better misfit.

Within the scope of this research, as well as modeling the MMF's interseismic
locking, we also focused on the role of basins. We examined to see if the GNSS velocities
recorded in the Marmara Sea can be explained by the asymmetric and heterogeneous
accumulation of strain as a result of the deep basins. Alternatively, we tested whether
employing homogeneous models influences our perceptions of interseismic behavior. Our
findings lead us to the conclusion that the presence of these basins has an impact on
interseismic strain accumulation. Specifically, we find that employing a heterogeneous
structure results in somewhat deeper estimations of locking depths by approximately 2 to 3
km when compared to using a homogeneous structure. On the other hand, the observed
GNSS velocity patterns cannot be explained just by the heterogeneous structures alone, but
rather interseismic coupling heterogeneities are also needed to explain the observed data,

even though the basins have an effect on the pattern of strain accumulation.

In particular, in Eastern Marmara, it is difficult to determine the precise
characteristics of the MMF’s locking behavior, as indicated by previous studies (e.g., Klein

et al., 2017). On the other hand, the present GNSS data imposes some restrictions on the
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Western Marmara, which has a fully creeping zone under the Tekirdag and Central Basins.
This eliminates the probability that the two segments are similarly locked. In addition, the
transition between this creeping stretch of the fault and the locked section below Ganos is
strongly confined and corresponds well with the Ganos Bend, which is a seismic and

geometrical complexity along the MMF.

Further, we analyzed to see whether or not the estimated strain rates from
interseismic behavior could also be verified by the known earthquake focal mechanisms.
Our model is very compatible with the earthquake series that occurred in 2019 in the
Silivri region, which demonstrates the presence of considerable compression north of the
fault in the Eastern Central Basin. The loading of the fault’s creeping segment to the west
could provide an explanation for the region’s substantial compression. The stress variations
around the Ganos Bend to the north and south of the MMF also correspond to variations in

interseismic loading caused by the creeping section of the fault.

In agreement with earlier studies of subsurface geodesy, the interseismic coupling
pattern identified in this study demonstrates a creep fault behavior under the Western High
and a locked fault behavior under the Central High. Furthermore, we hypothesize that the
seismic activity along the major faults, especially the pattern of repeating earthquakes, is a
reasonable proxy for the creeping segment interseismic behavior, which causes additional
background seismicity like the repeaters. Our results show that the differences in
seismicity behavior of the individual segments are mostly in line with the interseismic

behavior with respect to the locking of the fault.

Our model also shows that the difference between a homogeneously locked versus
variable locking model only leads to measurable velocity differences near the Ganos bend.
For the other segments, the coast is too far to differentiate between various possibilities. In
future research, more focus needs to be given to submarine geodesy and ocean bottom
seismometers to better understand the seismic coupling in greater detail. Since available
data is frequently sparse and undersampled, a correct interpretation of complex
deformation and comprehension of the complex locking depth distribution may be
obtained by integrating various data, such as InSAR and land/seafloor geodetic data, to

gain sufficient resolution over the entire seismogenic region.
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Table A.1. Initial dataset of GNSS stations within the study area (Ergintav ef al., 2014),

where t1 and t2 denote the first and end data usage periods, F denotes the survey or

continuous site with horizontal velocities, 1—c uncertainties, and correlation coefficients.

No Site F | Longitude | Latitude Vi VN o: oN PEN t t2
(°E) C°N)
(mm/yr)

1 AKCO | s [ 2997311 | 41.03354 2.40 1.36 0.36 0.38 -0.039 1999.674 2011.377
2 AVCI | s | 28.72735 | 40.98681 0.95 0.04 1.21 1.29 -0.054 1998.768 2003.375
3 BGNT | s | 26.57014 | 40.93244 2.11 -2.28 0.34 0.36 -0.037 2002.934 2011.377
4 BKCT | s | 27.09140 | 40.20343 [ -17.04 | -6.81 0.39 0.42 -0.076 2002.934 2011.377
5 CINA | s | 29.14313 | 40.63947 | -14.23 3.33 0.75 0.86 -0.062 1994.736 2011.377
6 CLTK [ s | 30.40452 | 40.88001 2.03 2.40 0.37 0.41 -0.038 2003.755 2011.377
7 DERN | s | 29.68138 | 40.36165 | -21.55 | -1.17 091 0.99 -0.008 1994.736 2011.377
8 DGCT | s | 30.46175 | 40.47786 | -22.79 | -0.35 0.39 0.42 -0.044 2003.755 2011.377
9 | DOKU | s | 26.70645 | 40.73927 | -2.73 -0.96 0.33 0.35 -0.051 1994.736 2011.37
10 | ERCT | s | 29.24320 | 40.31874 | -20.95 | -0.16 0.37 0.41 -0.076 2002.934 2011.377
11 FIST s | 28.88184 [ 40.48057 | -18.80 | -0.98 0.29 0.56 -0.014 1997.734 2011.377
12 | FLRT | s | 28.77894 | 40.97483 | -1.39 1.24 0.92 1.05 -0.037 2009.4 2013.466
13 | GVNT | s | 27.47555 | 40.26550 | -18.42 [ -5.06 1.17 1.24 -0.085 2008.377 2011.377
14 HO009 | s [ 28.53580 | 41.06188 1.19 -0.26 1.30 0.99 -0.039 2009.4 2013.466
15 | HARM | s | 29.31022 | 40.92680 0.80 0.68 0.44 0.48 -0.056 2003.853 2010.395
16 IBBT | s [ 29.32082 | 40.86602 [ -0.44 0.35 0.34 0.36 -0.024 2003.853 2011.377
17 | IGAZ | s [ 29.90800 [ 40.43800 | -17.13 0.58 0.82 0.90 0.006 1994.736 2011.377
18 | IKAN | s [ 29.06362 | 41.06359 | -1.81 3.50 0.50 0.51 -0.007 1994.736 1999.674
19 | IUCK | s | 29.92894 | 40.42473 | -17.70 | -0.05 1.81 1.83 -0.005 1994.736 2004.421
20 | KABI | s | 27.30124 | 40.38099 | -16.43 [ -535 0.38 0.41 -0.046 1994.736 2011.377
21 | KAMT | s | 29.27328 [ 40.83435 | -1.18 1.21 0.41 0.44 -0.036 2003.853 2011.377
22 | KANR | s | 30.29356 | 41.04825 2.60 1.89 0.57 0.61 -0.048 1997.734 2011.377
23 KAZI | s | 30.30341 [ 40.78522 | -3.90 3.20 0.74 0.84 -0.085 1999.674 2011.377
24 | KFKT | s | 30.22937 | 41.18680 2.51 2.97 0.37 0.40 -0.042 2003.755 2011.377
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Table A.1. Initial dataset of GNSS stations within the study area (Ergintav et al., 2014),

where t1 and t2 denote the first and end data usage periods, F denotes the survey or

continuous site with horizontal velocities, 1—c uncertainties, and correlation coefficients.

(cont.)
No Site Longitude | Latitude Ve VN [} oN PEN t1 t
(E) CN)
(mm/yr)

25 | KMBT 28.47585 41.04091 -0.84 1.27 1.04 1.16 -0.042 2009.4 2013.466
26 | KRDM 29.36247 41.01709 1.65 -0.08 0.31 0.34 -0.046 1997.734 2011.377
27 | KUTE 29.28794 | 40.48473 | -19.84 | -0.46 | 0.37 0.40 -0.069 1997.734 2011.377
28 | KVAM 26.87128 | 40.60081 [ -9.05 -3.26 | 0.67 0.73 -0.062 2002.934 2007.381
29 | KVM2 26.87139 | 40.60069 | -10.33 | -4.00 1.04 1.12 -0.095 1994.736 2011.377
30 [ MAER 27.96001 40.97062 4.15 2.47 1.31 1.34 -0.027 1994.736 1999.411
31 [ MISL 27.58554 | 40.58778 | -15.31 | -4.11 1.05 1.09 0.003 1996.682 1999.411
32 [ NI101 28.61529 | 40.99573 1.00 -1.18 1.20 1.31 0.100 2007.658 2011.377
33 N102 28.61627 | 41.02578 1.77 2.05 0.61 0.66 0.024 2007.658 2013.466
34 [ NI103 28.68389 | 41.03013 [ -2.10 3.55 0.49 1.33 -0.008 2007.658 2013.466
35 N104 28.65969 | 40.98540 0.58 0.42 0.51 0.56 -0.062 2007.658 2013.466
36 | NI107 28.67185 | 41.05651 [ -3.92 1.13 1.07 1.28 -0.007 2007.658 2011.377
37 | NI08 28.65249 | 41.02162 2.41 4.43 1.09 1.26 -0.017 2007.658 2010.395
38 NI110 28.63109 41.04334 2.69 0.77 0.51 0.67 -0.009 2007.658 2013.466
39 | OLUI 29.58524 | 40.66713 | -14.79 | -0.08 0.45 0.48 -0.045 1997.734 2011.377
40 | OLU2 29.58529 | 40.66713 | -14.79 | -0.08 0.45 0.48 -0.045 1998.768 2003.375
41 | OVCT 29.53923 | 40.97974 1.17 0.46 0.35 0.38 -0.048 2002.934 2011.377
42 SEFI 30.32520 40.61164 | -20.26 0.23 0.44 0.47 -0.089 1998.768 2011.377
43 SELP 28.36533 | 41.05183 0.38 1.06 0.28 0.29 -0.036 1996.724 2011.377
44 | SEV2 26.87973 | 40.39581 | -15.39 | -6.01 0.35 0.37 -0.050 1999.411 2011.377
45 SEYH 30.45336 40.35061 | -23.62 -0.01 0.38 0.41 -0.038 1997.734 2011.377
46 SILE 29.62324 | 41.17945 1.78 0.56 0.36 0.41 -0.040 1996.724 2011.377
47 SISL 30.13025 | 40.74533 [ -7.82 1.52 0.85 0.93 0.003 1994.736 2003.375
48 | SMAS 30.13404 | 40.68972 | -14.57 1.17 0.78 0.84 -0.017 1994.736 2011.377
49 | YACT 29.23786 40.91671 0.79 -0.21 0.74 0.80 -0.089 2003.853 2008.377
50 [ YENB 27.39281 | 40.81074 | -2.44 -2.56 | 0.83 0.91 -0.092 1994.736 1999.411
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Table A.1. Initial dataset of GNSS stations within the study area (Ergintav et al., 2014),

where t1 and t2 denote the first and end data usage periods, F denotes the survey or

continuous site with horizontal velocities, 1—c uncertainties, and correlation coefficients.

(cont.)
No Site Longitude | Latitude Ve VN [} oN PEN t1 t
(E) CN)
(mm/yr)

51 YENI 28.37327 | 4039790 | -18.68 | -1.53 0.29 0.32 -0.034 1996.724 2011.377
52 | AVCT 28.72386 40.98867 -4.68 2.59 0.51 0.27 -0.002 2002.174 2013.451
53 | BADI 29.11790 | 40.85212 | -0.83 1.94 0.17 0.14 -0.002 2002.316 2013.489
54 | BADT 29.11792 | 40.85214 | -0.83 1.94 0.17 0.14 -0.002 2001.147 2002.316
55 | BAND 27.99671 | 4033123 | -17.95 | -4.19 0.24 0.39 -0.003 2008.739 2011.281
56 | BEYK 29.09352 41.17672 1.03 0.75 0.29 0.30 0.001 2008.974 2013.401
57 | BOZT 28.78204 | 40.53439 | -16.73 | -1.62 | 0.13 0.23 -0.001 2000.772 2013.489
58 | BURS 29.01523 | 40.21425 | -22.09 | -2.00 0.22 0.28 -0.005 2008.739 2011.281
59 | DRGT 29.14526 | 40.90880 | -1.03 0.59 0.20 0.66 -0.019 2004.327 2011.04
60 [ DUMT 29.37190 40.56553 | -18.57 0.44 0.18 0.12 -0.002 1999.585 2013.489
61 [ ERDT 27.80795 | 40.39322 | -17.31 | -2.90 0.19 0.10 -0.001 2002.508 2013.47
62 IPSA 26.37978 | 40.91753 [ -0.10 0.89 0.26 0.29 -0.003 2008.854 2011.281
63 ISTA 29.01934 | 41.10445 1.64 -0.09 [ 0.21 0.12 -0.001 1999.944 2013.999
64 ISTN 28.83164 | 40.99096 0.69 2.35 0.23 0.32 -0.004 2008.739 2011.281
65 | 1ZMC 29.95094 | 40.80198 [ -3.29 0.55 0.29 0.30 -0.003 2008.739 2011.281
66 | KAGI 28.96320 | 41.08632 [ -0.27 1.72 0.21 0.24 -0.004 2008.917 2013.311
67 | KART 28.33257 | 40.26526 | -19.61 | -2.03 0.09 0.11 -0.001 2000.898 2013.489
68 KCEK 28.77975 41.00275 -0.81 1.28 0.28 0.17 -0.002 2008.917 2013.311
69 [ KRDT 26.99851 | 40.95073 | -1.17 -0.58 0.12 0.17 -0.003 2004.299 2013.475
70 | MADT 27.58694 | 40.61135 [ -16.39 | -3.82 | 0.10 0.10 -0.001 1999.5 2013.489
71 MERI1 27.96175 40.96693 0.83 2.30 0.14 0.19 -0.003 2000.955 2013.489
72 | MERT 27.96171 | 40.96690 0.83 2.30 0.14 0.19 -0.003 1999.538 2000.952
73 SILC 29.61332 | 41.17900 1.07 1.02 0.21 0.19 -0.003 2008.919 2013.311
74 | SLEE 29.60068 | 41.16873 1.50 5.17 0.22 1.01 -0.001 2008.766 2011.281
75 SVRI 28.08340 41.08022 0.32 1.55 0.42 0.18 -0.003 2008.917 2013.311
76 | SVRT 28.97351 | 40.87471 | -5.05 -0.90 0.54 1.00 -0.003 2011.834 2013.489
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Table A.1. Initial dataset of GNSS stations within the study area (Ergintav et al., 2014),

where t1 and t2 denote the first and end data usage periods, F denotes the survey or

continuous site with horizontal velocities, 1—c uncertainties, and correlation coefficients.

(cont.)
No Site Longitude | Latitude Ve VN [} oN PEN t1 t
(E) CN)
(mm/yr)

77 | TEKR 27.49650 | 40.95834 0.06 -0.82 | 0.39 0.29 -0.004 2008.739 2011.281
78 TUBI 29.45069 40.78672 -2.03 -0.30 0.12 0.13 -0.000 1998.347 2013.993
79 | TUZL 29.29245 | 40.82650 | -2.54 1.73 0.23 0.19 -0.004 2008.917 2013.311
80 | TYFI 26.48568 | 40.38407 | -13.43 | -5.54 0.47 0.17 -0.005 2005.626 2013.489
81 | TYFT 26.48698 | 40.38310 | -13.43 | -5.54 0.47 0.17 -0.005 2004.31 2005.681
82 UCG2 29.96240 40.84552 2.28 2.70 0.14 0.28 -0.002 2000.764 2013.489
83 | UCGT 29.96229 | 40.84566 2.28 2.70 0.14 0.28 -0.002 1999.626 2000.428
84 | YANT 29.11272 | 40.81972 | -1.05 2.35 0.16 0.29 -0.003 2004.387 2013.489
85 | YENT 26.58727 | 40.46833 | -11.92 | -5.69 | 0.26 0.41 0.000 2005.626 2013.489
86 | YSST 28.99087 | 40.86578 | -2.73 2.14 0.66 0.39 -0.001 2011.834 2013.489




APPENDIX B: LIST OF GNSS STATIONS USED IN PROFILES

Table B.1. GNSS stations used in the profiles of the 6 MMF segments.

84

Profile

Stations

A-a

B-b

C-c
D-d
E-e
F-f

YACT, ERCT, KAMT, KUTE, TUZL, HARM, IBBT, KRDM, DUMT, TUBI, OVCT,
OLU1,SLEE, SILC, SILE, DERN, IGAZ, TUCK, IZMC, UCG2, AKCO, SISL, SMAS,
KFKT, KANR, KAZI, SEFI, CLTK, SEYH, DGCT
KAGI, SVRT, YSST, ISTA, IKAN, BEYK, YANT, BADT, CINA, DRGT, YACT,
KAMT, TUZL, HARM, IBBT, KRDM
KMBT, H009, N102, N110, FLRT, KCEK, ISTN
SVRI, SELP, KMBT
YENB, TEKR, MISL, MADT, MERT
IPSA, TYFT, YENT, DOKU, KVAM, KVM2, SEV2, KRDT, BKCT, KABIL, GVNT
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APPENDIX C: A COMPARISON OF y,* MISFITS

Table C.1. The comparison of > misfits from the 0, 5 and 10 km locking depth grid search
for the Marmara Sea segments B to E in Figure 5.3c using all available 76 GNSS sites with
the modified covariance matrices (1), originally reported covariance matrices (y%2) and

using 21 GNSS close to the MMF with the modified covariance matrices (y?23).

No E D C B xh X2 X’
1 0 10 0 5 527 189 441
2 0 10 5 5 5.28 18.9 4.42
3 5 10 0 5 5.32 19.5 46
4 5 10 5 5 5.33 19.5 4.61
5 0 5 5 5 5.34 19.2 47
6 0 5 0 5 5.34 19.2 475
7 0 10 0 0 5.38 19.3 4.64
8 5 5 5 5 5.38 19.7 4.84
9 0 10 5 0 5.38 19.3 4.63
10 5 5 0 5 5.38 19.7 4.89
11 0 0 5 5 5.39 19.3 4.88
12 0 0 0 5 5.4 19.4 495
13 0 10 10 5 5.4 19.3 476
14 5 0 5 5 542 19.8 5.01
15 5 10 0 0 5.43 19.9 4.82
16 5 0 0 5 5.43 19.9 5.07
17 0 5 10 5 5.44 19.4 4.96
18 5 10 5 0 5.44 19.9 4.83
19 0 5 5 0 5.44 19.6 491
20 0 5 0 0 5.45 19.6 4.96
21 5 10 10 5 5.46 19.9 4.96
22 0 0 10 5 5.47 19.6 5.1
23 5 5 10 5 5.48 20 5.11
24 5 5 5 0 5.48 20.1 5.05
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Table C.1. The comparison of > misfits from the 0, 5 and 10 km locking depth grid search

for the Marmara Sea segments B to E in Figure 5.3c using all available 76 GNSS sites with

the modified covariance matrices (1), originally reported covariance matrices (y*2) and

using 21 GNSS close to the MMF with the modified covariance matrices (y23). (cont.)

No E D C xh X2 X’
25 0 0 5 5.48 19.7 5.08
26 5 5 0 5.49 20.1 5.1
27 0 0 0 5.5 19.8 5.15
28 0 10 10 5.51 19.7 4.99
29 5 0 10 5.51 20.1 5.24
30 5 0 5 5.52 202 521
31 0 5 10 5.53 19.8 5.16
32 5 0 0 5.53 20.3 527
33 5 10 10 5.56 20.3 5.19
34 0 0 10 5.57 20 53
35 5 5 10 5.58 20.4 5.31
36 5 0 10 5.61 20.5 5.44
37 10 5 0 5.67 227 5.83
38 10 5 5 5.67 22.7 5.81
39 10 0 5 5.68 227 5.89
40 10 0 0 5.69 22.7 5.93
41 10 10 0 5.7 23 5.87
42 10 10 5 5.71 23 5.9
43 10 5 5 5.77 23.1 6.01
44 10 5 0 5.77 23.1 6.04
45 10 5 10 5.78 23 6.12
46 10 0 5 5.78 23.1 6.08
47 10 0 10 5.79 23 6.16
48 10 0 0 5.79 23.1 6.13
49 10 10 0 5.8 23.4 6.1
50 10 10 5 5.82 234 6.12
51 10 10 10 5.85 235 6.31
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Table C.1. The comparison of > misfits from the 0, 5 and 10 km locking depth grid search

for the Marmara Sea segments B to E in Figure 5.3c using all available 76 GNSS sites with

the modified covariance matrices (1), originally reported covariance matrices (y*2) and

using 21 GNSS close to the MMF with the modified covariance matrices (y23). (cont.)

No E D C B xh X2 X’
52 10 5 10 0 5.88 23.4 6.33
53 10 0 10 0 5.88 234 6.36
54 0 10 0 10 5.89 224 6.23
55 0 10 5 10 5.91 224 6.23
56 5 10 0 10 5.95 23 6.42
57 10 10 10 0 5.96 239 6.53
58 5 10 5 10 5.96 23 6.43
59 0 5 0 10 5.97 22.8 6.59
60 0 5 5 10 5.97 227 6.55
61 5 5 0 10 6.01 233 6.73
62 5 5 5 10 6.01 233 6.69
63 0 0 5 10 6.02 22.9 6.74
64 0 0 0 10 6.03 23 6.8
65 0 10 10 10 6.04 22.7 6.55
66 5 0 5 10 6.06 23.4 6.87
67 5 0 0 10 6.06 23.5 6.93
68 0 5 10 10 6.07 23 6.78
69 5 10 10 10 6.09 23.4 6.75
70 0 0 10 10 6.11 23.1 6.93
71 5 5 10 10 6.12 23.5 6.92
7 5 0 10 10 6.15 23.6 7.07
73 10 5 0 10 6.3 26.3 7.68
74 10 5 5 10 6.3 26.3 7.66
75 10 10 0 10 6.32 26.5 7.69
76 10 0 0 10 6.32 26.3 7.78
77 10 0 5 10 6.32 26.3 7.74
78 10 10 5 10 6.34 26.5 7.72
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Table C.1. The comparison of > misfits from the 0, 5 and 10 km locking depth grid search
for the Marmara Sea segments B to E in Figure 5.3c using all available 76 GNSS sites with
the modified covariance matrices (1), originally reported covariance matrices (y*2) and

using 21 GNSS close to the MMF with the modified covariance matrices (y23). (cont.)

No E D C B xh X2 X’
79 10 5 10 10 6.42 26.5 7.94
80 10 0 10 10 6.43 26.5 7.99
81 10 10 10 10 6.49 26.9 8.1

Table C.2. The comparison of y* misfits for the 7 best models from the grid search of
locking depths of Marmara Sea segments B to E in Figure 5.3c and 36 additional models
with a 2.5 km grid size for segments C to E around the best-fitting models using all
available 76 GNSS stations with the modified covariance matrices (1), originally
reported covariance matrices (y°2) and using 21 GNSS close to the MMF with the

modified covariance matrices (y3).

No F E D C B A Xt X2 X’
1 7.5 0 10 2.5 5 7.5 527 18.9 4.4
2 75 0 10 0 5 75 527 18.9 4.41
3 7.5 0 10 5 5 75 5.28 18.9 4.42
4 7.5 2.5 10 2.5 5 7.5 5.28 19.1 4.44
5 7.5 25 10 0 5 7.5 5.28 19.1 445
6 75 0 75 2.5 5 75 5.29 19 4.5
7 7.5 0 7.5 0 5 75 5.29 19 4.51
8 7.5 0 125 0 5 7.5 5.29 19 4.44
9 7.5 0 125 2.5 5 7.5 5.29 19 4.44
10 75 0 75 5 5 75 5.29 19 4.49
11 7.5 2.5 10 5 5 7.5 5.29 19.1 4.45
12 7.5 2.5 7.5 2.5 5 7.5 5.29 19.2 4.53
13 7.5 2.5 7.5 0 5 7.5 53 19.2 4.54
14 75 2.5 75 5 5 75 53 19.1 4.52
15 7.5 2.5 125 0 5 75 53 19.2 4.49
16 7.5 2.5 125 2.5 5 7.5 53 19.2 4.48




&9

Table C.2. The comparison of > misfits for the 7 best models from the grid search of locking
depths of Marmara Sea segments B to E in Figure 5.3c and 36 additional models with a 2.5 km grid
size for segments C to E around the best-fitting models using all available 76 GNSS stations with
the modified covariance matrices (1), originally reported covariance matrices (y2) and using 21

GNSS close to the MMF with the modified covariance matrices (y,%). (cont.)

No F E D C B A Xt X2 X’
17 75 0 125 5 5 7.5 531 19 4.47
18 5 0 10 5 5 75 531 18.4 436
19 7.5 2.5 125 5 5 7.5 5.32 19.2 4.52
20 5 0 7.5 2.5 5 7.5 5.32 185 445
21 75 5 10 0 5 75 5.32 19.5 4.6
22 7.5 5 10 5 5 75 5.33 19.5 4.61
23 7.5 0 5 5 5 7.5 5.34 19.2 47
24 7.5 0 5 0 5 7.5 5.34 19.2 475
25 75 0 75 2.5 2.5 75 5.36 193 4.65
26 10 0 10 5 5 75 5.37 19.8 4.53
27 10 0 7.5 2.5 5 7.5 5.38 19.9 4.61
28 7.5 0 10 10 5 7.5 5.4 193 4.76
29 75 0 75 2.5 75 75 5.53 20.6 5.35
30 7.5 0 10 5 5 5 5.54 20 5.71
31 7.5 0 7.5 2.5 5 5 5.56 20.1 5.81
32 7.5 0 10 7.5 7.5 7.5 5.58 20.6 5.39
33 5 5 5 5 5 5 5.67 20.3 6.05
34 7.5 7.5 7.5 7.5 7.5 75 5.78 226 6.11
35 7.5 0 7.5 2.5 5 10 6.09 22.3 3.85
36 7.5 0 10 5 5 10 6.09 222 3.77
37 10 10 10 10 10 10 7.85 334 8.41
38 2.5 2.5 2.5 2.5 2.5 2.5 9.15 33.3 8.59
39 125 12.5 12.5 12.5 12.5 125 10.5 463 11.4
40 15 15 15 15 15 15 132 59.1 14.4
41 0 0 0 0 0 0 14.8 472 9.96
42 17.5 17.5 17.5 17.5 17.5 17.5 15.6 70.4 17.3
43 20 20 20 20 20 20 18 81.1 19.9
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Figure C.1. (a) Histogram distribution of 3> misfits from the locking depth grid search for
the Marmara Sea segments B to E in Figure 5.3¢ based on all 76 GNSS sites in the
Marmara region with covariance matrices multiplied by 2.45 for continuous ones. (b) The
distribution of locking depths for 29 accepted 2 < 5.5 models, represented by bars of the
same color as the relevant segments, and the best-fitting locking depth for each section,

shown by a thick navy line.
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Figure C.2. (a) Histogram distribution of > misfits from the locking depth grid search for
the Marmara Sea segments B to E in Figure 5.3¢ based on all 76 GNSS sites in the
Marmara region. (b) The distribution of locking depths for 29 accepted 2 < 20 models,
represented by bars of the same color as the relevant segments, and the best-fitting locking

depth for each section, shown by a thick navy line.



