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ABSTRACT

LONG PERIOD AMPLIFICATION OF SEISMIC WAVES in
ISTANBUL METROPOLITAN AREA

Istanbul is a megacity located very close to the North Anatolian Fault and thus is
highly vulnerable to seismic hazards. During the 2019 Mw5.7 Silivri earthquake the
recorded displacements show site amplification at long-periods and prolonged duration
corresponding to the frequency range of 0.1-1.0 Hz. The excitations in these frequency
range cannot be explained with variations in very shallow structure only and requires an
analysis that considers deeper sedimentary basins. Amplifications in this frequency range
cause resonance effects and serious damage tall and high-rise buildings and infrastructure.
The Mw 5.9 Silivri earthquake of September 26, 2019, provided a good dataset for
investigating site-specific amplification effects. This thesis analyzes acceleration records
from nine AFAD strong-motion stations distributed over different geological units to

evaluate the characteristics of long-period amplification.

As an initial test, we compare synthetic waveforms using two velocity: (i) a crustal
model from Karabulut et al. (2020), and (ii) an AFAD-based station specific shallow
velocity model which includes near-surface velocity layers from AFAD station reports.
We show that neither of the models work well for amplified waveforms especially on the

motion recorded in stations on the European part of Istanbul.

Instead we generate synthetic seismograms for each station. We try two
approaches. First, we generate synthetic waveforms at the surface of the crustal model
which is assumed to represent a hard-rock reference waveform. Then we randomly
generate 2 layer structures on top of this structure and optimize the fit to the data in the
frequency domain. As a second approach we calculate the synthetic waveforms at a depth
of 2 km. We then again optimize for each station the layered structure that represent first
two km beneath the station. For each trial we calculate the amplified waveforms using
the transfer function of these two layers for SH waves. For each station we generate 5000

velocity models and optimize the fit between the acceleration spectrum of data and
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synthetics. The best-fitting velocity structure was obtained by spectral fitting of synthetic

and recorded waveforms.

Results show that the site amplification largely varies with local geological
conditions: stations located on stiff geological units (e.g., 3405, 3413, 3417) have minimal
amplification, while soft sediment sites (e.g., 3411, 3412, 3416) undergo strong
amplification and long shaking. Station 3412 displays anomalous amplification and
longer oscillations probably due to very thick unconsolidated sediments or local site
complexities. While the AFAD-based velocity model underestimated the observed
amplification, the crustal model fits better for hard rock sites but failed to capture the

amplification at soft sediment stations.

Based on our modeling results, we estimate that stations 3407, 3411, 3413, and
3416, which are situated on soft sediment, have sediment thicknesses ranging between
120 and 200 meters with underlying layers exhibiting shear wave velocities of 248 m/s,
87 m/s, 420 m/s, 188 m/s for first layer, respectively. For the second layer values for each
station 254 m/s, 294 m/s, 789 m/s, 220 m/s for station 3407, 3411, 3413, 3416 respectively
and the layer thickness for second layer ranging between 200 m to 1000 m. The better fit
at a depth of 2 km for these stations suggests that deeper sedimentary layers significantly
influence wave amplification. In comparison, AFAD’s velocity models provide shear
wave velocities of 597 m/s for 3407, 323 m/s for 3411, 452 m/s for 3413, and 420 m/s for
3416 for first layer and 2000m/s for 3407, 523 m/s for 3411, 772 m/s for 3413 and 849
m/s for 3416 for the second layer, indicating some discrepancies between our estimated
values and the reference models. These differences highlight the need for further

refinement, considering potential lateral variations and deeper structural influences.

When compared to AFAD’s reference models, our synthetic seismograms show
good agreement for stations 3407, 3411, 3413, 3416 where both amplitude and spectral
content are well captured. However, discrepancies at other stations suggest that additional
factors, such as lateral heterogeneities or path effects, may be influencing the results. In

general, for significantly amplified stations on the Anatolian side, it is to refine these
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models further, it is necessary to incorporate additional earthquake records from different
directions to assess whether the observed variations persist across different source

locations and azimuths.
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OZET

ISTANBUL METROPOL ALANINDA SISMIK DALGALARIN
UZUN PERIYOTLU AMPLIFIKASYONU

Istanbul, Kuzey Anadolu Fay1’na ¢cok yakin bir megakent olup, bu nedenle sismik
tehlikelere karsi oldukca savunmasizdir. 2019 Mw 5.7 Sivrice depremi sirasinda
kaydedilen yer degistirmeler, uzun periyotlarda zemin biiyiitmesini ve uzun siireli
sarsintilar1  gostermektedir ve bu Dbiiylitmeler 0.1-1.0 Hz frekans araliginda
gbzlemlenmistir. Bu frekans araligindaki dalgalanmalar ¢ok s1g yapilarla agiklanamaz ve
daha derin sedimanter havzalar dikkate alan bir analizi gerektirir. Bu frekans araligindaki
biiylitmeler, rezonans etkilerine yol acgarak yiiksek binalar ve altyapi i¢in ciddi hasarlara
neden olmaktadir. 26 Eyliil 2019°da meydana gelen Mw 5.9 Silivri depremi, bdlgeye 6zgii
zemin bliylitme etkilerini arastirmak i¢in 1yi bir veri seti saglamistir. Bu tez, farkli jeolojik
birimlere dagitilmis dokuz AFAD kuvvetli yer hareketi istasyonunun ivme kayitlarini

analiz ederek uzun periyot biiyilitme 6zelliklerini degerlendirmektedir.

[lk test olarak, iki farkli hiz modeli kullanilarak sentetikler karsilastirilmistir: (i)
Karabulut ve ark. (2020) tarafindan onerilen bir kabuk modeli ve (ii) AFAD istasyon
raporlarinda belirtilen ylizeye yakin hiz katmanlarini iceren AFAD tabanli istasyona 6zgii
s1ig hiz modeli. Analizler, bu modellerin 6zellikle Avrupa Yakasi’nda bulunan
istasyonlarda gozlemlenen biiyiitmeleri dogru bir sekilde yakalayamadigim

gostermektedir.

Bu nedenle, her istasyon ic¢in yeni sismogramlar iretilmistir. Daha sonra,
istasyonun altindaki ilk iki kilometrelik bdlgeyi temsil eden rastgele iki tabakali yapilar
olusturulmustur. Ardindan, bu iki tabakanin SH dalgalar1 i¢in transfer fonksiyonu
kullanilarak biiyiitiilmiis dalga formlar1 hesaplanmistir. Her bir istasyon i¢in 5000 farkl

hiz modeli olusturulmus ve sentetik ile gozlemsel ivme spektrumlar1 arasindaki uyum



optimize edilmistir. En iyi uyum saglayan hiz yapisi, sentetik ve kayitli dalga formlarinin

spektral eslesmesiyle elde edilmistir.

Sonuglar, zemin biiylitmesinin yerel jeolojik kosullara bagli olarak biiyiik 6l¢iide
degistigini gostermektedir: sert jeolojik birimlere yerlestirilmis istasyonlar (6rnegin,
3405, 3413, 3417) minimum biiylitme gosterirken, yumusak sediman {izerine
yerlestirilmis istasyonlar (6rnegin, 3411, 3412, 3416) gii¢lii biiylitme ve uzun siireli
sarsint1 sergilemektedir. 3412 istasyonu, muhtemelen ¢ok kalin sikismamis sedimanlar
veya yerel saha karmasikliklari nedeniyle anormal biiylitme ve daha uzun salinimlar
gostermektedir. AFAD tabanli hiz modeli, gozlemlenen biiyilitmeyi oldugundan diisiik
tahmin ederken, kabuk modeli sert kaya istasyonlari i¢in daha iyi uyum saglamakla

birlikte, yumusak sediman istasyonlarinda biiyiitmeyi yakalayamamustir.

Modelleme sonug¢larimiza dayanarak, yumusak sediman iizerinde bulunan 3407,
3411, 3413 ve 3416 istasyonlarinin sediman kalinliklarinin 120 ile 200 metre arasinda
degistigini ve altindaki katmanlarin sirasiyla 3407, 3411, 3413 ve 3416 i¢in ilk katmanda
248 m/s, 87 m/s, 420 m/s, 188 m/s kayma dalgas1 hizlarma sahip oldugunu tahmin
ediyoruz. ikinci katmanda ise sirastyla 3407, 3411, 3413 ve 3416 icin 254 m/s, 294 m/s,
789 m/s, 220 m/s kayma dalgasi hizlar1 elde edilmis olup, ikinci katman kalinlig1 200 m
ile 1000 m arasinda degismektedir. Bu istasyonlar i¢in 2 km derinlikte daha iyi bir uyum
saglanmasi, daha derin sedimanter katmanlarin dalga amplifikasyonunu 6nemli 6l¢iide
etkiledigini gostermektedir. Karsilagtirildiginda, AFAD’1in hiz modelleri ilk katmanda
3407 i¢in 597 m/s, 3411 igin 323 m/s, 3413 icin 452 m/s ve 3416 i¢in 420 m/s; ikinci
katmanda ise 3407 i¢in 2000 m/s, 3411 i¢in 523 m/s, 3413 i¢in 772 m/s ve 3416 i¢in 849
m/s kayma dalgas1 hizlar1 saglamaktadir. Bu farkliliklar, olas1 yanal degisimler ve daha
derin yapisal etkiler g6z Oniinde bulundurularak daha fazla iyilestirme yapilmasi

gerektigini ortaya koymaktadir.

AFAD’1n referans modelleriyle karsilastirildiginda, sentetik sismogramlarimiz
3407, 3411, 3413, 3416 istasyonlart i¢in iyi bir uyum gostermektedir; hem genlik hem de
spektral igerik iyi bir sekilde yakalanmistir. Ancak diger istasyonlardaki farkliliklar, yanal
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heterojenlikler veya yol etkileri gibi ek faktorlerin de sonuclari etkileyebilecegini
gostermektedir. Bu modellerin daha iyi optimize edilmesi i¢in farkli yonlerden gelen
depremler analiz edilmeli ve gozlemlenen farkliliklarin farkli kaynak konumlar1 ve

azimutlar boyunca devam edip etmedigi arastiriimalidir.
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1. INTRODUCTION

The North Anatolian Fault (NAF), one of the most active and highest seismic
hazard fault zones in the world, is a transform fault that accommodates westward
motion of Anatolian block with respect to Eurasian plate. During the 20™ century, large
earthquakes migrated from east to west starting with 1939 Mw 7.8 Erzincan
earthquake (Stein et al., 1997). Among these large earthquakes are the disastrous 1999
earthquakes, Mw 7.4 Izmit (Kocaeli) and the Mw 7.1 Diizce earthquakes, which led to
heavy losses of lives, structural damage in many parts of eastern Marmara region, and
multi-billion-dollar financial losses. Although the exact size and location is a matter
of debate, a section of the NAF that did not rupture in the last 2 centuries is beneath

the Sea of Marmara posing an imminent danger for the surrounding cities.

Istanbul is a megacity with a population over 17 million people, situated very
close to the western termination of the North Anatolian Fault (NAF) and is generally
regarded as one of the most seismically hazardous cities worldwide. The recent
decades have been marked by extreme urbanization and heavy population growth,
which hugely enhanced the probability of damage. Poorly regulated infrastructure
development in many areas of the region contributes to the most terrible scenarios

related to future seismic activity along the NAF.

Various geological and geotechnical studies for seismic hazard assessment have
been conducted in the Marmara Region; most of these were based on site response
approaches without including waveform simulations. Most of the research in the
region since 1999 has been on engineering applications within regional-scale studies,
such as those by Atakan et al. (2002), Erdik et al. (2003a), and Erdik et al. (2004). In
particular several studies focused on simulations of strong ground motion for Sea of
Marmara, by Pulido et al. (2004) and Birgoren et al. (2004) paying especial attention
to the fault rupture scenarios. Furthermore, Picozzi et al. (2009) also developed a micro

zonation characterization of the western part of Istanbul by carrying out theoretical site



responses using S-wave velocity profiles from micro-array data, and then applying the

propagator matrix method for a 1D-layered medium.

Although several studies have investigated ground motions in the region, most of
them fail to address the specific characteristics of long-period ground motion that are
relevant for a densely populated and highly urbanized city like Istanbul. The
investigation of long-period ground motion plays an important role in seismic hazard
assessment, especially for highly populated areas such as Istanbul. Indeed, long-period
ground motion acts mainly on tall and high-rise buildings and large infrastructures and
tall building, which are commonly present in megacities. On the other hand, the study
of wave propagation across the Marmara Sea-and more precisely, its interaction with
Istanbul-represents the primary importance in the framework of hazard mitigation.
Understanding these dynamics is of extreme importance for the better preparedness
and mitigation of impacts of any future earthquakes that may strike this highly exposed
region. Despite this, long-period ground motion has received scant attention in specific

studies pertaining to Istanbul.

This calls for further research on long-period ground motion with continuous
acceleration in urbanization, an increase in the number of high-rise structures, and
critical infrastructure within the metropolitan area. Such studies are indispensable to
gain better knowledge and understanding of the wave propagation characteristics across
the Marmara Sea and in developing seismic resilience and risk mitigation in one of the

most seismically vulnerable metropolitan areas in the world.

Long-period ground motion refers to seismic waves with oscillation periods
longer than two seconds, hence posing a serious risk in the urban areas of Istanbul, as
in all metropolitan cities with advanced infrastructure. It has been realized, in fact that
such waves, on the one hand, become hazardous for a high-rise building, long-span
bridges, or other critical utility systems as these may provoke resonances if a natural
frequency of a structure coincides with dominant frequency of seismic waves

(Kanamori, 1994; Boore, 2003), which in turn amplifies the structural vibrations to



cause severe damage or collapse. For example, in the 2011 Great East Japan Earthquake,
shaking in the high-rise buildings of Tokyo was very long and it created critical non-

structural damage such as broken ceiling panels (Kajima Corporation, 2012).

In general, GMPE (Ground Motion Prediction Equation) models use VS30,
representing the average shear-wave velocity of the top 30 meters, as one of the key
parameters in site effect estimations (Joyner & Boore, 1981). However, VS30 describes
site response mainly for high-frequency motions, while the amplification of long-period
ground motion is controlled also by deeper geological structures to a great extent (Bard,
1999; Zhu et al., 2020). Several studies have demonstrated that deep sedimentary basins
and thick soft soil layers play a crucial role in amplifying long-period ground motions
(Semblat et al., 2005; Day et al., 2008). For example, resonance effects in Mexico City's
basin caused extreme amplification during the 1985 Michoacan earthquake with

consequent very extensive structural failures (Singh et al., 1988; Bard et al., 1997).

A number of different methods have been developed that quantify site
amplification. Of the many methods available, one such method is the horizontal-
vertical spectral ratio method, popularly called HVSR, which estimates the site
resonance frequencies from the study of the horizontal-to-vertical ground motion
spectra ratio (Nakamura, 1989). This methodology has a wide range of applications for
micro zonation studies and constitutes one of the most valuable techniques of
identification of the basic site resonance frequency due to soft sediment layers (Bard,
1999; Parolai et al., 2002). These include the Standard Spectral Ratio (SSR) approach,
which considers spectral amplitude ratios recorded at a site of interest relative to those
recorded at a nearby reference rock site (Borcherdt, 1970). The present approach
separates the site effects from other factors contributing to ground motion and measures
the amplification effects directly. Numerical simulations, including 1D and 2D site
response analysis (Joyner & Chen, 1975; Boore, 2004) and full waveform modeling
using the finite-difference or spectral element methods, have also been done in
investigating the amplification of long-period ground motion (Komatitsch & Tromp,

1999; Bielak et al., 2010).



Tan et. al, (2022), analyzes the seismic activity in the Istanbul metropolitan area
and the potential impact of moderate earthquakes (Mw 5), emphasizing resonance
effects. Numerical ground motion simulations based on the 2021 Kartal-Istanbul
earthquake reveal that spectral accelerations for Mw 5 events may exceed the design
spectrum between 0.2—0.6 s and approach it between 0.4—1 s, leading to resonance

phenomena.

Ozel et. al, (2004) examines the strong ground motion and site effects during the
largest aftershock (Mw 5.8) of the 1999 Izmit earthquake, showing that while peak
ground acceleration near the epicenter matched empirical predictions, significant
amplification of S-waves (~1 Hz) due to thick low-velocity sediments in the Avcilar

district contributed to localized damage, highlighting the role of site effects.

Local site effects in the Atakdy area (SW Istanbul) using synthetic and empirical
data, revealing strong spectral amplifications (~1 Hz) with SA factors of 1.5-2 in
alluvial sites, which have implications for similarly structured areas in southwestern

Istanbul (Soronsen et. al, 2006).

The site effects in Avcilar, the most damaged suburb during the 1999 Izmit
earthquake, using seismic and microtremor measurements, revealing that seismic energy
trapping in a 100-150 m thick low-velocity layer caused amplification (0.3—1.6 Hz),
while microtremor methods underestimated amplification below 1 Hz (Ergin et. al,

2004).

More recently, EGF (empirical Green’s function) methods have also been
applied to estimate site amplification by comparing smaller recorded earthquakes with
larger target events (Irikura, 1986; Satoh et al., 1995). This helped in constraining the
amplification factors in complex geological settings. Further, 3D numerical modeling of
seismic wave propagation has also been a prime basis in providing understanding of

long-period ground-motion behavior of the biggest urban cities lying within the



sedimentary basin area of both Los Angeles and Istanbul (Graves et al., 2011; Pulido et
al., 2004). All such models simulate the appropriate amplification effects in terms of

comprehensive subsurface velocity structure.

The amplification in broad frequency band indicates that an approach that
considers deeper structures, in the order of kilometers, is necessary. In that regard, for
the region of Istanbul, deep sedimentary layers are known to strongly amplify seismic
waves with long periods; hence, in order to provide a good modeling of amplification
for seismic hazard mitigation, both empirical and numerical methods are necessary, as

discussed in Picozzi et al. (2009) and Karabulut et al. (2020).

Local geological conditions, like deep sedimentary basins in addition to soft
soils, also increase the amplitude and period of seismic waves, thus enhancing the long-
period ground motion (Bard, 1999; Joyner & Boore, 1981). Indeed, this happened in
Mexico City during the 1985 earthquake, where the loose soils the city was resting on
amplified the ground motion significantly and caused immense destruction (Singh et al.,
1988). As geological structure in Marmara Region of Istanbul is the same, that city is

also subject to long-period ground motion.

The thesis addresses the key knowledge gap, pertaining to site-specific
amplification effects manifested during the Mw 5.9 September 26, 2019 Silivri
earthquake in the frequency range that cannot be explained by the shear wave velocity
structure of the top 30 meters. My goal is to study the long-period ground motion in the
Istanbul metropolitan area by using acceleration records obtained from nine AFAD
strong-motion stations: 3405, 3406, 3407, 3408, 3411, 3412, 3413, 3416, and 3417. The
distribution of these recording stations across the city on various geological units
renders the dataset particularly suitable for the investigation of site-specific

amplification effects.



The strong-motion recordings at these stations indicate that the amplification
varies significantly with respect to the local site conditions. Stations 3405, 3413, and
3417 are located on relatively stiff and ductile geological units. Thus, their ground-
motion amplifications are essentially minimal, as predicted by their stiffer subsurface
conditions. On the contrary, the stations on soft soils, which tend to be on the European
side of the city, such as stations 3411, 3412, and 3416, show pronounced ground-motion
amplification and also longer shaking duration in comparison to other stations. This
indeed reveals that path effects can significantly influence ground-motion behavior,

especially for those urban cities where the subsurface compositions vary substantially.

In this study we focus on 0.05 to 1 Hz frequency band and find the velocity
structure of the top few kilometers to explain the amplified and long duration S waves
recorded in Istanbul during the 2019, September 24, Mw5.7 Silivri Earthquake. The
frequency range is selected due to the fact that the long-period ground motions give the
maximum response within the natural frequencies of tall buildings and other critical
infrastructures and also the amplification is more expressed in this range. In order to
focus on S wave amplification and obtain S wave models we utilize transverse

component of the seismic records to avoid converted phases.

These long-period ground motions may lead to resonance of some basins and also
structures and pose a serious hazard, especially in cities like Istanbul with an ever-
increasing number of high-rise buildings. High-frequency components, which are less
relevant for large structures, were excluded to avoid interference and keep the analysis

focused on the most critical frequency bands.

The procedure for obtaining station-specific 1D velocity structures is carried out
using strong-motion data recorded at AFAD stations during the 2019 Mw 5.7 Silivri
earthquake. Initially, synthetic displacement waveforms are generated at the AFAD
station locations by applying a frequency-wavenumber algorithm (Zhu and Rivera,
2002) in combination with the crustal model proposed by Karabulut et al. (2020). While

some stations are successfully modeled with the 1D crustal velocity model, significant



amplification of the observed data, compared to the estimated ground motion, is
identified at certain stations. To assess whether these estimations can be improved, the
velocity structures reported by AFAD are incorporated into the analysis. It is
demonstrated that deeper and alternative velocity models are required to explain the
observed amplification at some sites. Subsequently, synthetic tangential component
acceleration waveforms are generated at a depth of 2 km. Two soft layers are randomly
introduced, while the remaining portion of the 2 km depth is filled using the crustal
model from Karabulut (2020). Through spectral fitting of the recorded seismograms, the
best-fitting two-layer structure is determined to represent the upper ~1 to 2 km of the

site.

Synthetic seismograms computed from the velocity profiles formed a strong basis
for the understanding of the contrasts between hard rock and soft soil sites. The hard
rock stations, like 3405, 3406, 3413, and 3417, have limited amplification because of
the restrictive subsurface conditions. On the contrary, stations with soft soil like 3411,
3412, and 3416 have shown longer shaking duration and higher amplification factors in
good agreement with their softer geological settings. These results strengthen the critical

influence of local geology on seismic hazard.

Besides, this study points out that the need for site-specific amplification studies
shall be brought within the context of urban development and seismic hazard
assessment. Evidence from the 2019 Silivri earthquake indicated that effective targeting
of updated legislative measures and building codes is necessary regarding local geology
and long-period ground motion. All these factors would play a very important role in
reducing seismic vulnerability and improving resilience in the rapidly growing urban

landscape of Istanbul.

Chapter 2 gives a general overview of geology of Istanbul and tectonic activity
around the Marmara Region. Furthermore, it deals in great detail with the local
geological setting, indicating that structural complexity constitutes part of a setting

developed within a close proximity to the North Anatolian Fault or NAF-the major



strike-slip system that has repeatedly generated disastrous earthquakes over history. This
chapter describes how local geological features interact with the tectonic forces and

thereby sets the scene for understanding seismic risks in Istanbul.

Chapter 3 contains the data and methodology of this study. This section describes
seismic data collection and processing, records from nine AFAD-controlled strong-
motion stations. It further gives a detailed analysis of the different methods used during
analysis, PySeismoSoil application on the calculation of amplification factor, filtering
of seismic records aimed at long-period ground motion and utilization of synthetic

seismogram for comparative study.

Chapter 4 presents the results of the analysis, giving insight into the amplification
effects observed during the Mw 5.9 September 26, 2019 Silivri earthquake. The findings
are discussed in a systematic manner, underlining the striking contrasts in ground motion

behavior between hard rock and soft soil sites.

Chapter 5 includes the findings into the wide context of seismic hazard assessment
and urban resilience. This chapter sets out to discuss what the implications of such
findings would be for Istanbul's burgeoning urban landscape and strongly indicates that
any seismic risk mitigation strategy should include long-period ground motion analysis.
This points out in the discussion that not only does it feed into real-life application, but
it also serves to reinforce seismic resilience in Istanbul and other vulnerable regions. It
emphasizes that these findings will be the basis for more resistant infrastructure design,
urban planning development, and legislative efforts on reducing the effects of future

earthquakes.



2. GEOLOGY AND SEISMICITY OF MARMARA REGION AND
ISTANBUL METROPOLITAN AREA

Geologically, the Marmara Region is divided into three main tectonic zones: the
Strandja Massif, the Istanbul Zone, and the Sakarya Zone, as identified by Ketin (1973)
and Okay (1986). The Strandja Massif is made up of a variety of rocks, including
sandstone, quartzite, limestone, shale, and Late Permian granitoids, all of which
underwent deformation and metamorphism during the Late Jurassic period. This
metamorphic series comprises rocks such as metagranite, micaschist, marble, calcschist,
and quartzite (Ketin, 1973). The southern part of the Strandja Massif is covered by the
Cenozoic sedimentary cover of the Thrace Basin. The Intra-Pontide Suture, running
east-west beneath the Sea of Marmara, separates the Strandja-Rhodope Massif to the
north from the Sakarya Zone to the south. It connects ophiolitic mélange outcrops in the
Geyve-Armutlu area in the east with those around the Gulf of Saros and Sarkdy in the

west (Sengor and Yilmaz, 1981).

In contrast, the Istanbul Zone consists of a thick succession of unmetamorphosed
sedimentary sequence ranging in age from Ordovician to Carboniferous. Due to its
stratigraphy and lack of metamorphism, it is geologically distinct from its neighbor
tectonic units (Ketin, 1973). The Sakarya Zone, on its part, does not have a basement of

Paleozoic age hence distinguishing it from the Istanbul Zone (Hosgoren, 1995).

The Sakarya Zone is limited by the Izmir-Ankara Suture, which marks its
boundary with the Anatolide-Tauride tectonic units. It has a Triassic basement
represented by the Karakaya Complex, which underwent various degrees of
metamorphism and deformation. This basement is unconformably overlain by Liassic
conglomerates and sandstones, followed by a stratigraphic sequence of Middle Jurassic-
Lower Cretaceous limestone and Upper Cretaceous flysch deposits (Ketin, 1973;

Hosgoren, 1995).
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The Istanbul metropolitan area is located in a region including lithostratigraphic
units that represent an important part of a broad geologic time span from the Early
Paleozoic, Ordovician to the Quaternary. This region also bears the deep marks of the

important tectonic events which took place during this period (Ozgiil,2012).

In this respect, two major groups of lithostratigraphic units exist within the
boundaries of Istanbul Province: one metamorphic and the other non-metamorphic. The
metamorphic sequence is associated with an important tectonic event whose nature has
not yet been clarified and is called the " Strandja Unit," while the non-metamorphic

sequence is referred to as the "Istanbul Unit" (Ozgiil,2012).

A small portion of the Strandja Unit metamorphics, which include extensive
areas between Tekirdag and Edirne in the northern part of the Thrace Peninsula, also
covering schists, quartzites, and magmatites, extends to the western and northern parts
of Catalca district within the provincial boundaries of Istanbul. In the Catalca area, units
of the aforementioned metamorphic sequence are exposed, known as the "Tekedere
Group," "Kizilagag Metagranite," "Sermat Quartzite," and "Mahya Schist."
(Ozgiil,2012).

The Istanbul Unit comprises non-metamorphic rock units of Paleozoic and
Mesozoic age, covering extensive areas on both sides of the Bosphorus and the Kocaeli
Peninsula. The oldest rock units of the Istanbul Unit exposed in the metropolitan area
and its vicinity are terrestrial sediments of Early Ordovician age, including the
Kocatongel Formation and the Kurtkdy Formation, representing fluvial and lagoonal
environments. In the Early Ordovician, the landmass area started to be covered by a
tectonically stable sea, represented by a transgression of the quartzites of the Aydos
Formation, aged Ordovician. It was followed by a deepening during the Silurian and
Devonian. During this process, the Yayalar Formation (Early Ordovician), represented
by siltstone-sandstone, was successively deposited, followed by the Pelitli Formation
(Early Ordovician-Silurian), reflecting shelf-type carbonate deposition; then, the Kartal

Formation (Early-Middle Devonian) followed, representing a low-energy open shelf
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environment with abundant macrofossils and occasional limestone intercalations; and
finally, the Denizli Koyii Formation (Upper Devonian-Lower Carboniferous),
representing an open shelf-slope environment with abundant nodular limestones.
Siliceous deposits of Early Carboniferous age, like chert, which exists as middle levels
in the Denizli Koyl Formation, suggest intense silica input caused by volcanic activity
close to the marine basin. In the Early Carboniferous, the dominantly unstable
conditions represented by turbiditic flows were incarnated by flysch-type sandstone-
shale sequences of the Trakya Formation. The magmatic intrusions, represented by the
Sancaktepe Granite (Permian), developed as a result of tectonic movements active
during the Carboniferous-Permian interval, and the region emerged again as land,
leading to deposition of terrestrial sequences of Permian (?) - Early Triassic age. In the
Middle-Late Triassic, a new transgressive sea flooded the area, represented by the
Demirciler Formation (tidal), the Ballikaya Formation (shelf carbonates), and the
Tepekoy and Bakirlikiran formations (slope deposits). No representative Jurassic-Early
Cretaceous age rock units exist in this region. Volcanic-sedimentary sequences with
andesitic volcanics and flysch-type clastics include the Late Cretaceous: the Sartyer and
Yemislicay formations. The "Cavusbasi Granodiorite" of Upper Cretaceous age is a
deep-seated rock considered to be associated with island arc volcanism active during

the closure of the Tethys Ocean (Ozgiil,2012).

During the Eocene, intense compressive movements affecting most parts of
Anatolia caused serious folding and faulting in the Marmara Basin, including the
Istanbul area. These movements could have led to the evolution of the Sariyer-Sile Fault,
which runs from north to south in an approximately east-west direction, cutting the
region. This has caused the thrusting of Paleozoic and Mesozoic rock units onto the
Upper Cretaceous-Early Eocene sequences. The olistostromes of the Aglayankaya
Member observed in the shales of the Lower-Middle Eocene Sile Formation in the Sile
region are understood to have developed as a result of these movements, which caused
unstable conditions. During the course of another transgression in the Middle Eocene,
from Middle Eocene to Early Oligocene, the area of Catalca and Sile was covered by a
sea with beaches and reefs along its shores, where the following were deposited:

Hatipler Formation, Koyunbaba Formation, Yunuslubayir Formation, Sogucak
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Limestone, and clayey muds (Ceylan Formation) in inner parts. During the Middle-Late
Oligocene, tectonic movements affecting the entire Thrace Basin resulted in the rise of
the region and the beginning of the land-forming processes, which continue to the
present, with the development of fluvial deposits (Kirag Formation, Cukurcesme
Formation) and lagoon-lake sediments (Danismen Formation and Cekmece Formation)
representing the Late Oligocene-Late Miocene interval. These movements, causing
compression roughly north-south, led to the development of NW-SE and NE-SW
trending shear faults and joint systems. It was these shear faults that formed as zones of
weakness, controlling the morphological development of the Bosphorus and
Dardanelles straits, major river valleys in the region, and the Golden Horn, which results
in their zigzag geometry aligned with NW-SE and NE-SW trends. However, there is no
field evidence that these shear faults are active at present, but rather they are covered by

terrestrial deposits of at least Upper Miocene-Pliocene age (Figure 2.1)(0zgiil,2012).
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Figure 2.1. Map showing gross-scale geological outline of the Istanbul city

area (from Ozgiil, 2011).

Figure 2.2, prepared according to the Modified Mercalli Intensity Scale, between
2100 BC—1900 AD, shows the historical earthquakes intensity distribution in the
Marmara Region and points out the seismic hazards of the area (Soysal et. al. 1981).
High-intensity events, such as IX and X, situated along the North Anatolian Fault,

especially around the Marmara Sea, show areas that have suffered severe damage in the
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past. The lower intensities, such as VI and VII, are less concentrated and show that

seismic activity can have effects quite far from the fault zone.
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Figure 2.2. Historical earthquakes of Marmara Region and Istanbul

Metropolitan Area (Soysal et. al. 1981).

Figure 2.3. presents seismicity for the Marmara Region in northwestern Turkey
and demonstrates a rather thick clustering of earthquakes over the area. The red circles
display epicenters of earthquakes, with the size of circles scaled for magnitude (larger
circle corresponds to larger magnitude) and most of these large circles located along the
NAF (e.g., M6, M7). This fault system, crossing the southern Marmara Sea, constitutes
a seismic source with a number of high-magnitude events aligned close to its trend.
Seismicity is diffuse from the eastern to the western limits of this map-from Istanbul
and the Marmara Sea through the surrounding areas. The highest number of seismic
events is concentrated in the Marmara Sea and its northern and southern shores,
underlining tectonic complexity and seismic hazard of this area. Faults shown on this

map further indicate the relation of earthquake epicenters with active tectonic structures
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and demonstrate the crucial need for continuing seismic monitoring and risk assessment
in this very active area. The earthquake data used in this study were obtained from the
KOERI Earthquake Catalog (Bogazici University Kandilli Observatory and Earthquake

Research Institute), accessible at www.koeri.boun.edu.tr/sismo/zeqdb/.

40°N

Figure 2.3. The seismicity of the Marmara Region (NW Turkey) and Istanbul

Metropolitan area is marked by a dense distribution of seismic events. (1950-2025

February, KOERI)
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3. DATA AND METHODOLOGY

3.1. Data

In this study, strong-motion accelerometer data recorded from AFAD (Disaster
and Emergency Management Authority) stations in Istanbul were used to analyze the
Mw 5.7 earthquake on September 26, 2019. This offshore event took place along the
Kumburgaz segment of the North Anatolian Fault Line in the Marmara Sea, with a
magnitude of Mw 5.7 and a depth of 6.99 kilometers. It had a strong impact, on the
nearby cities such as for example, in places like Tekirdag and Istanbul but were also felt
in cities around the Sea of Marmara including Yalova, Kocaeli, Bursa, and Kirklareli.
Considering the distance of the stations to the earthquake source (~40 to 90 km) the
2019 Silivri earthquake is a suitable source as it generates sufficient long period energy
and is also close enough to focus on SH waves rather than surface waves which would

dominate for earthquakes that are further away.

The stations were included in this study to the analysis are 3405, 3406, 3407, 3408,
3411, 3412, 3413, 3416, and 3417. Geological structure beneath these stations (Figure
3.2) differs, resulting in large differences of velocity profile in each site. The geological
conditions of these stations, along with amplification factors and Vs values, were
received from the reports prepared by AFAD. These values reflect the average site

conditions of each station and for understanding site-specific effects on ground motion.

A summary of the station-specific data such as location, geological feature,

amplification factor, and average Vs are given in the Table 3.1. below.

Correspondingly, based on the site classifications provided by TBEC, class ZA
represents hard rock with VS30 > 1500 m/s, class ZB is rock with VS30 between 760—
1500 m/s, class ZC is dense soil or soft rock with VS30 between 360—760 m/s, and class
7D represents stiff soil with VS30 between 180-360 m/s. Following the MTA Geology
map, sedimentary rocks are grouped accordingly: Al refers to alluvium; CCl to
continental clastic rocks; CaCl to carbonate and clastic rocks; and CICa to clastic and

carbonate rocks. Besides, the ages of rocks are shown by Q for Quaternary, M for
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Miocene, Ol for Oligocene, C for Carboniferous, D for Devonian, and S for Silurian,
and O stands for Ordovician.

Table 3.1. Station Information

Station VS30 Amplification
Code Lat Lon District Geology (m/s) AFAD Site Class Factor
3405 40.9111 29.1567 Kartal CCI (0) 1862 ZA 1.77
3406 41.0226 29.1588 Umraniye CICa (S) 436 ZC No Info
3407 41.0582 29.0095 Begsiktas No Info 596 ZC No Info
3408 41.0734 28.2557 Silivri No Info 740 ZB No Info
3411 41.0119 28.9761 Fatih CCI (M) 323 ZD 15
3412 41.0206 28.5782 Buyukcekmece Al (Q) 247 ZD 417
3413 41.0943 28.9482 Eyup CaCl (C) 452 ZC 1.61
3416 40.9747 28.8364 Yesilkoy CCl (M) 420 zC 0.9
3417 40.9547 29.2563 Sultanbeyli CCI (0) 1747 ZA 1.8

A map showing the location of the stations and the epicenter of the earthquake

has also been provided to give a fair idea of their spatial distribution (Figure 3.1.).

u1°24'

B1°12'

41°00' —

SERSE \ - =
\:/’,//“‘_
\\\\\\\\\\~ ,,/;

28°00'

uo°4g' —|

Figure 3.1. AFAD Stations (blue triangles) and Silivri Earthquake
Location (red star). The names of the stations are indicated to the right of the triangle

that represents the station location.
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The distribution of the VS30 velocities prepared by AFAD in Istanbul is also

shown in Figure 3.3.
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Data and their stationxml response files were downloaded from AFAD website

(https://tdvms.afad.gov.tr). Following the removal of the instrument response, event

metadata was added to facilitate spatial and temporal analyses. The data were then
converted into radial and transverse components, allowing for a more detailed
examination of seismic wave propagation. The transverse component of the
seismograms was utilized, with a specific focus on SH waves to avoid complex P-to-S

and S-to-P conversions, ensuring that only the transfer function of the S wave was used.

For waveform comparison with the synthetic models, acceleration data was
converted to displacement data. Displacement data was chosen for comparison with
synthetic datasets generated using the crustal velocity models and other site-specific

velocity models, ensuring a compatibility test between real and synthetic data.

3.2 Method
3.2.1. Generation of Synthetic Seismograms

Synthetic seismograms for a given earthquake scenario are generated by creating
multiple perturbed velocity models, calculating Green's functions, and producing
synthetic waveforms. Synthetic seismograms were Generated by the Frequency-
Wavenumber method (Bouchon, 1982) using the code FK developed by Zhu and Rivera
(2002). Since this method works exclusively with 1D Earth models, it can be used in a

very useful and efficient way to simulate seismic wave propagation in a layered medium.

The F-K technique models seismic reactions with high computational efficiency
and precision by solving the wave equation in frequency and wavenumber domains
through mathematical transformations. The F-K approach, in fact, has gained more
recognition for its accuracy and adaptability while generating seismic waveforms to

model a wide range of geological situations.


https://tdvms.afad.gov.tr/
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In this technique, the Earth's subsurface is represented as a series of horizontal
layers, each characterized by its thickness (h), shear wave velocity (Vs), compressional
wave velocity (Vp), density (p), and quality factors for attenuation (Qs and Qp). The
displacement field within each layer is computed using boundary conditions for stress
and displacement continuity at layer interfaces. These conditions ensure accurate

modeling of wave reflections and transmissions.

The program calculates Green's functions, which describe the Earth’s response to a
unit source. These functions are derived in the frequency-wavenumber domain by

summing contributions from all layers.

In this analysis, the reference velocity model used will be refered to as "Crustal
Model" from Karabulut et al, (2020) and defines the initial subsurface velocity structure.
(Table 3.2 and Figure 3.3). This velocity structure was obtained from the 2019 Silivri
cluster and was successfully used for earthquake relocation and waveform modeling of
both the finite-fault model of the mainshock, and focal mechanisms of foreshocks and

aftershocks.

Table 3.2. Crustal Velocity Model (Karabulut et. al, 2020)

Depth Vs Vp Density Qs Qp
(km) (kml/s) (kml/s) (g/cm?)

2.0 1.79 3.22 2.3 100 200
2.0 2.83 5.09 2.6 200 400
2.0 3.10 5.39 2.6 200 400
4.0 3.20 5.56 2.6 200 400
4.0 3.29 5.73 2.7 400 800
8.0 3.72 6.48 2.9 500 1000
10.0 3.82 6.64 2.9 500 1000
8.0 4.41 7.93 3.2 500 1000
10.0 4.44 7.99 3.2 500 1000
10.0 4.56 8.16 3.2 500 1000
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The SAC file, which represents the transverse component, provides the necessary
station information, including the station name, azimuth, and distance. The earthquake
parameters used for this simulation include a magnitude of 5.7, a depth of 11 km, and a
focal mechanism defined by a strike of 282°, a dip of 62°, and a rake of 170° (Karabulut
et al., 2020). The source-time function is assumed to be a 4 second triangular function

with a 1.6 second rise and 2.4 second fall duration.

Initial Velocity Model

vp

N
o

Depth (km)

30

i

2 3 4

5 6 7 8
Velocity (km/s)

Figure 3.4. Initial Crustal Model from Karabulut et al., (2020)

3.2.2. Calculation of Site-Specific Ground Motions

Synthetic waveforms were first Generated for the 2019 Silivri mainshock using two
different approaches to generate input seismograms.

In the first approach, synthetic seismograms were generated directly with input
from synthetic waveforms generated at the surface, representing the seismic waves as
they arrive at the surface, incorporating the effects of near-surface layers. To account for
site effects, two additional layers were introduced on top of the existing crustal model.

These layers were placed above a hard rock layer, which was assumed to represent the
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deeper subsurface structure. This approach allows for assessing how near-surface layers

influence seismic wave amplification.

In the second approach, synthetic waveforms were generated at a depth of 2 km,
directly beneath the station. This depth corresponds to the base of the first layer in the
crustal model, where the seismic waves have not yet been affected by near-surface
modifications. These deep synthetic waveforms were then used as input to analyze how
seismic waves propagate through the overlying layers. By applying the transfer function of
a vertically incident wave, the response of the surface motion was estimated, allowing for

a more accurate representation of how the upper layers influence the seismic signal.

To identify the best-fitting station-specific structure, the following procedure was

applied:

1. A random shear wave velocity was generated for two layers, ensuring that
the velocity of the uppermost layer remained lower than that of the layer
beneath it. A random thickness and damping value were assigned to both
layers. The remaining portion of the 2 km depth was completed using the
velocity of layer 1 from the crustal model (for the second approach) or by
assuming a hard rock layer beneath the two newly introduced layers (for the

first approach).

2. The transfer function of these two layers was then computed and convolved
with the input to generate synthetic waveforms both at the surface and at a
depth of 2 km, ensuring that the wave propagation effects were accurately
captured for both modeling approaches.

3. The acceleration spectrum of the amplified motion was compared with the
data spectrum within the frequency range will be given in the result section

correspondingly.
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4. The best-fitting models were obtained by optimizing the objective function at

each frequency point which is defined as:

d(ﬁ
G s(f)

-

Aq(f)) and A (f;) are the amplitudes of the data and synthetic waveforms at the

discrete frequency f;.

5. Finally, the process was reverted back to the time domain, where the best-
fitting site-specific model was used to compute synthetic displacement
waveforms and compare them with the observed data. For the time-domain
synthetic waveforms, P-wave velocities were also required, which were
estimated using the empirical relationship by Kitsunezaki et al. (1990):

Vp = 1.29 X Vs + 1.11

where Vs and Vp are expressed in meters per second (m/s).

The best-fit models are selected from a total of 5000 models. The ranges for layer
thickness and Vs are determined based on the subsurface structure of the selected station,
as provided in the AFAD station reports and are tabulated in Table 3.3 For this analysis,
the subsurface is modeled with two layers, where the thickness and Vs values of both
layers are assigned according to site-specific characteristics. These ranges are informed
by geological and geophysical studies of the station's location. The damping parameter is
also assigned as site-specific, reflecting the attenuation characteristics of each site. The

specific damping values will be presented in the results section.
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4. RESULTS

4.1 Comparison of 2019 Silivri Earthquake Records with Synthetic Waveforms
Using the Crustal Model and AFAD’s Station Models

In this study, synthetic seismograms generated using two different velocity models
the crustal model of Karabulut (2020) and the same model overlayed with station specific
velocity values obtained from the reports of AFAD stations are compared. This
comparison is conducted to evaluate the precision of these models in relation to real
seismic data. In particular, the aim is to assess whether AFAD’s station-specific velocity

models provide any improvement in predicting SH waveform records at these stations.

The velocity values provided for the first two layers in the AFAD reports were
incorporated into the crustal model as additional layers to ensure consistency within the
structural framework of the AFAD-based model. The tangential displacement data
recorded during the 2019 Mw 5.7 Silivri earthquake were then compared with both the
AFAD-based model and the crustal model. Significant differences were observed in their

performance, highlighting discrepancies in the predicted ground motion.

Figure 4.1.- 4.9. show this comparisons. Results indicate that the crustal model used
in this study fits well to the stations on hard rock sites 3405, 3406, 3407, 3408 and 3417.
While the direct SH phase is well-fit in most stations, the reverberations observed in the
recordings cannot be generated by the crustal model. In the case of soft soil sites (3411,
3412,3413 and 3416), the crustal model does not yield similar good agreement. This is
due to the fact that the crustal model was originally developed for hard rock sites, and
therefore is less suitable to represent softer surface conditions. The amplification factor
for each station will be provided in the corresponding results section.

The addition of station-specific layers provided by AFAD does not result in any
improvement in these fits. It is highly likely that the velocity values given in the reports
are not representative of the subsurface structure and therefore fail to accurately capture

dynamic site responses.
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These results generally indicate that the AFAD-based model is unable to accurately
reproduce seismic wave propagation, highlighting the necessity of using well-calibrated
crustal models for soft-rock sites. Future studies should focus on refining the models for

soft soil sites to achieve better agreement with observed seismic records.
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Figure 4.1. Comparison of Tangential Velocity Models for Displacement
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Figure 4.2. Comparison of Tangential Velocity Models for Displacement

Recording of Station 3406
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Figure 4.4. Comparison of Tangential Velocity Models for Displacement

Recording of Station 3408
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Figure 4.5. Comparison of Tangential Velocity Models for Displacement

Recording of Station 3411
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Figure 4.6. Comparison of Tangential Velocity Models for Displacement
Recording of Station 3412
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Figure 4.9. Comparison of Tangential Velocity Models for Displacement

Recording of Station 3417

4.2 Site Amplification Optimization and Site Specific Shallow Model Optimization

First, the amplification observed with input from synthetic waveforms generated at
the surface for the stations exhibiting amplification will be presented. In this part,
synthetic waveforms will be compared with time-domain waveforms obtained by
convolving them with the transfer function of the optimal two-layer model. After that, the
results for the same stations at a depth of 2 km will be shown. In this case, seismograms
generated at a depth of 2 km were used as input for site amplification. Additionally,
synthetic waveforms obtained using the crustal model will be compared to analyze the

differences.

4.2.1 Result of Station 3411

For station 3411, the first layer's thickness was chosen between 10 meters and 100
meters, with Vs values ranging from 30 m/s to 200 m/s, while the second layer's thickness
was set between 100 meters and 1000 meters, with Vs values ranging from 100 m/s to
500 m/s. The damping factor was considered within the range of 1-5 for the first layer

and between 0.1 and 0.5 for the second layer. These values were selected based on the
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relatively soft sediments in the area, and the Vs range was derived from reports from
AFAD stations.

Figure 4.10. presents the amplification factor calculation at the surface, where the
synthetic seismogram from the crustal model was used as input. The time history plot
compares the input (red) and output (blue) signals, revealing a significantly high-
amplitude output, particularly within the 10-25 second period of the wave, indicating
strong site response effects. The bottom-left panel displays the amplification spectrum
versus frequency, showing that amplitudes between 0.1 Hz and approximately 5 Hz
exceed 20 times the size of the input motion, likely due to impedance contrast within the
crust. The bottom-middle panel illustrates the phase shift plot, where an increase in
negative phase shift with frequency suggests wave dispersion and frequency-dependent
arrival times, typical of varying velocity structures. The Fourier spectra in the bottom-
right panel further confirm that the output motion exhibits consistently higher amplitudes
than the input, especially between 0.1 Hz and 10 Hz, reinforcing the observed

amplification effects.
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Figure 4.10. Amplification Factor and Fourier Amplitude Comparison of

Station 3411 with Input from Synthetic Waveforms Generated at the Surface
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Figure 4.11. shows the calculation of the amplification factor at a depth of 2 km,
using as input the synthetic seismogram computed from the crustal model. The time
history plot in the top panel compares the input (red) and output (blue) signals, where the
output motion exhibits significantly larger amplitudes than the input, particularly in the
time interval between 10 to 25 seconds, highlighting strong amplification effects. The
bottom-left panel presents the amplification spectrum, showing that the principal
amplification lies within the range of 0.1 to 5 Hz. Maximum values exceed more than 15
times the input motion, suggesting that in this frequency band, seismic energy is enhanced
due to impedance contrasts and resonance effects. The phase shift plot in the bottom-
middle panel shows a large negative phase shift that increases further with frequency,
implying wave dispersion and travel time variations due to velocity changes in the model.
As in previous observations, the amplitudes of the output motion are consistently higher
across most frequencies, particularly in the 0.1-10 Hz range, where maximum
amplification can be identified. This is further confirmed by the Fourier amplitude spectra
in the bottom-right panel. Such observations suggest that significant amplification arises
from the crustal model, as lower frequencies lead to wave propagation with greater
interaction with the shallow structure and resonant effects.
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Figure 4.11. Amplification Factor and Fourier Amplitude Comparison of

Station 3411 with Input from Synthetic Waveforms Generated at the Depth of 2 km
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Figure 4.12. and Figure 4.13. illustrate the depth and Vs velocity of the five
generated velocity models at the levels of the surface and -2 km, respectively. Similarly,
Figure 4.14. and Figure 4.15. present the comparison between the synthetic waveforms

generated using these velocity models and the real data, in the same order.
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Figure 4.12. Top 5 Accepted Models for Station 3411 with Input from

Synthetic Waveforms Generated at the Surface
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Figure 4.13. Top 5 Accepted Model for Station 3411 with Input from Synthetic
Waveforms Generated at the Depth of 2 km
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Figure 4.14. Top 5 Accepted Velocity Models Synthetic Waveforms Generated
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Figure 4.15. Top 5 Accepted Velocity Models Synthetic Waveforms Generated
at the Depth of -2km vs Real Tangential Displacement Data for Station 3411

Figure 4.16. shows amplification range at the frequency domain, the amplified

synthetic data over real data and the synthetic data which was generated with crustal
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structure model over real data, at the with input from synthetic waveforms generated at

the surface (left) and the at the depth of -2 km (right) correspondingly.
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Figure 4.16. Amplification Range at the Frequency Domain for station 3411

4.2.2 Result of Station 3416

For station 3416, the first layer's thickness was chosen between 30 meters and 200
meters, with Vs values ranging from 100 m/s to 300 m/s, while the second layer's
thickness was set between 100 meters and 600 meters, with Vs values ranging from 100
m/s to 500 m/s. The damping factor was considered within the range of 1-5 for the first
layer and between 0.1 and 0.5 for the second layer. These values were selected based on
the relatively soft sediments in the area, and the Vs range was derived from reports from
AFAD stations.

Figure 4.17. presents the calculation of the amplification factor at the surface, where
the synthetic seismogram from the crustal model was used as input. The time series plot
at the top compares the input motion (red) and output motion (blue), showing
considerable amplification of surface waves. The bottom-left panel displays the
amplification plot, clearly indicating that the amplification exceeds 30 at low frequencies
(~0.1-1 Hz) and that this crustal model produces strong amplification within specific
frequency bands. The bottom-middle panel shows significant phase delays at low
frequencies, suggesting that dispersive effects are introduced by this model. The bottom-
right panel presents the Fourier spectra, where larger amplitudes of the output signal at
certain frequencies compared to the input signal indicate that the crustal model amplifies

these wavelengths.
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Figure 4.17. Amplification Factor and Fourier Amplitude Comparison of

Station 3416 with Input from Synthetic Waveforms Generated at the Surface

Figure 4.18. shows the calculation of the amplification factor at a depth of 2 km,
using as input the synthetic seismogram computed from the crustal model. It is quite
evident from this plot that there is a significant increase in amplitude within the output
signal with respect to the input signal, particularly around 15-20 seconds, suggesting site
amplification of seismic waves due to subsurface characteristics. This frequency range
also displays in the plot of amplification factor, a strong peak between 0.1-1 Hz—
meaning the apparent site resonating within that frequency range. The plot for the phase
shift in the case with dependence on the expected frequency shows delays in the wave
propagation along with site responses. Besides, the comparison of the Fourier amplitude
spectra of input and output signals signifies that this amplification is strong in the 0.1-3
Hz frequency range and decays slowly for higher frequencies. This sort of implication
about site velocity structure becomes important regarding the transmission and
modification of seismic waves passing through it. It means that there are more peaks in

the plot of the amplification factor that could be indicative of impedance contrasts.



37

Time histories

0.2 —— Output
c —— Input
K=l
©
o 0.01
T
3]
&
—0.2 A
0 10 20 30 40 50 60 70
Time [sec]
0 -
= @
o
§ £ 3 104
s £ —5004 a
£ = § 10
g 3 50 ]
£ @ —1000 A 5 —— Qutput
& £ 107+ —— Input
O a T T T T T T
10-* 10t 101 10! 10-1 10t
Frequency [Hz] Frequency [Hz] Frequency [Hz]

Figure 4.18. Amplification Factor and Fourier Amplitude Comparison of

Station 3416 with Input from Synthetic Waveforms Generated at the Depth of 2 km

Figure 4.19. and Figure 4.20. illustrate the depth and Vs velocity of the five generated
velocity models at the levels of the surface and -2 km, respectively. Similarly, Figure 4.21.
and Figure 4.22. present the comparison between the synthetic waveforms generated using
these velocity models and the real data, in the same order.
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Figure 4.19. Top 5 Accepted Model for Station 3416 with Input from

Synthetic Waveforms Generated at the Surface
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Figure 4.21. Top 5 Accepted Velocity Models Synthetic Waveforms Generated
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Figure 4.22. Top 5 Accepted Velocity Models Synthetic Waveforms Generated
at the Depth of -2km vs Real Tangential Displacement Data for Station 3416

Figure 4.23. shows amplification range at the frequency domain, the amplified
synthetic data over real data and the synthetic data which was generated with crustal
structure model over real data, with Input from Synthetic Waveforms Generated at the

Surface (left) and at the bottom -2 km (right) correspondingly.
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Figure 4.23. Amplification Range at the Frequency Domain for station 3416

4.2.3. Result of Station 3413

In the case of station 3413, the first layer's thickness was chosen between 100
meters and 300 meters with Vs values from 400 m/s to 600 m/s, while the second layer

thickness was chosen between 300 meters and 1500 meters with Vs ranging from 200 m/s
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to 800 m/s. The damping factor has been considered within the range 1-3 for the first
layer and between 0.1 and 1 for the second layer. These values have been selected for this
area in view of their relatively soft sediments, the range of Vs values was derived based
on reports from AFAD stations. Figure 4.24. shows the calculation of the amplification
factor at the surface, where the synthetic seismogram from the crustal model has been
taken as an input. In the time history plot, the top panel compares the input signal in red
and the output in blue; one can notice that, around 15 seconds, the amplitude increases
considerably, showing the wave amplification due to the local site effects. The bottom
left panel of the amplification spectrum shows that, in the frequency range between 0.2
and 10 Hz, the amplification factor is above 2, with several resonance peaks, which would
suggest a strong influence of subsurface layering and impedance contrasts. The phase
shift plot shows frequency-dependent delay in wave arrivals, increasing progressively
towards lower frequencies. In fact, from the Fourier amplitude spectra of the bottom right
panel, it is clear that, for frequencies lower than 1 Hz, according to the amplification

trend, higher spectral energy is obtained in the output signal with respect to the input one.
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Figure 4.24. Amplification Factor and Fourier Amplitude Comparison of

Station 3413 with Input from Synthetic Waveforms Generated at the Surface

Figure 4.25. shows the amplification factor computed using a synthetic seismogram
generated with the crustal model. The time history plot (top panel) shows the input
waveform (red) and the output waveform (blue), indicating significant amplification in

the 10-30 second range, where the output exhibits increased amplitude. The amplification



41

spectrum (bottom left panel) highlights amplification factors exceeding 2—8 times within
the 0.1-10 Hz frequency range, suggesting strong site effects. The phase shift plot (bottom
middle panel) reveals a substantial phase delay at lower frequencies, indicating wave
dispersion due to subsurface layering. The Fourier amplitude spectra (bottom right panel)
show that the output spectrum has a stronger response at lower frequencies compared to
the input, reinforcing the observed amplification. These results suggest that the crustal
model predicts notable amplification, particularly at long periods, likely due to soft

sedimentary layers in the structure
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Figure 4.25. Amplification Factor and Fourier Amplitude Comparison of

Station 3413 with Input from Synthetic Waveforms Generated at the Depth of 2 km

Figure 4.26. and Figure 4.27. illustrate the depth and Vs velocity of the five
generated velocity models at the levels of the surface and -2 km, respectively. Similarly,
Figure 4.28. and Figure 4.29. present the comparison between the synthetic waveforms

generated using these velocity models and the real data, in the same order.
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Figure 4.26. Top 5 Accepted Model for Station 3413 with Input from Synthetic

Waveforms Generated at the Surface
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Figure 4.30. shows amplification range at the frequency domain, the amplified
synthetic data over real data and the synthetic data which was generated with crustal
structure model over real data, at the with Input from Synthetic Waveforms Generated at

the Surface (left) and at the depth -2 km (right) correspondingly.
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Figure 4.30. Amplification Range at the Frequency Domain for station 3413

4.2.4. Result of Station 3407

In the case of station 3413, the first layer's thickness was chosen between 30 meters
and 300 meters with Vs values from 100 m/s to 300 m/s, while the second layer thickness
was chosen between 100 meters and 1500 meters with Vs ranging from 200 m/s to 1500
m/s. The damping factor has been considered within the range of 1-3 for the first layer
and between 0.1 and 1 for the second layer. These values have been selected for this area
in view of their relatively soft sediments, and the range of Vs values was derived based
on reports from AFAD stations. Figure 4.31. shows the calculation of the amplification
factor at the surface, where the synthetic seismogram from the crustal model has been
taken as an input. The time history plot above shows the input in red and the output in
blue after amplification, with the output indicating a substantial increase in amplitude
from 15 to 30 seconds, reflecting significant site response effects. The spectrum of
amplification shows that the more relevant amplification falls in the range between 0.1
Hz and 5 Hz, with peak values that exceed more than 15 times the input, which could
suggest resonance effects caused by impedance contrasts in crustal structure. Also, as seen

from the plot of the phase shift, there is strong delay for higher frequencies that could
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imply strong effects of wave dispersion while seismic waves travel through different
layers. The amplitude spectra in the bottom right panel of the Fourier amplitude confirm
that indeed, much larger amplitude components characterize the output motion than the
input, especially within the frequency window between 0.1 and 10 Hz, reinforcing the
observed trend of amplification. These results would therefore imply a substantial amount
of amplification, induced by the crustal model, mostly within the low-to-mid frequency

range, underlining the role of subsurface layering and resonance effects on wave

propagation.
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Figure 4.31. Amplification Factor and Fourier Amplitude Comparison of

Station 3407 with Input from Synthetic Waveforms Generated at the Surface

Figure 4.32. shows the computation of the amplification factor using as input a
synthetic seismogram obtained from the crustal model. The time history plot (top panel)
compares the input (red) and output (blue) signals, where the latter is highly amplified,
especially between 15 and 30 seconds, indicating a very strong site response. The bottom-
left panel presents the amplification spectrum, which represents the most coherent source
of amplification, occurring within the range of 0.1 Hz to 5 Hz, with peak values exceeding
10 times the input motion. This observation suggests that seismic energy is significantly
enhanced by the crustal model within this frequency range due to impedance contrast and
resonance effects. The phase shift represents a strong delay for the high-frequency wave

dispersion. The Fourier amplitude spectra, below right, confirm indeed that at most
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frequencies, the output motion provides higher amplitudes, especially within the 0.1-10
Hz frequency range, corroborating the above trends of amplification. All the above results
provide general support that the crustal model introduces noticeable amplification with
regard to waves at lower frequency, where characteristics of site responses are relevant to

seismic waves.
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Figure 4.32. Amplification Factor and Fourier Amplitude Comparison of
Station 3407 with Input from Synthetic Waveforms Generated at the Depth of 2
km

Figure 4.33 and Figure 4.34 illustrate the depth and Vs velocity of the five generated
velocity models at the levels of the surface and -2 km, respectively. Similarly, Figure 4.35
and Figure 4.36 present the comparison between the synthetic waveforms generated using

these velocity models and the real data, in the same order.
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Figure 4.34. Top 5 Accepted Model for Station 3407 with Input from
Synthetic Waveforms Generated at the Depth of 2 km
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Figure 4.35. Top 5 Accepted Velocity Models Synthetic Waveforms Generated

at the Surface vs Real Tangential Displacement Data for Station 3407
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Figure 4.36. Top 5 Accepted Velocity Models Synthetic Waveforms Generated

at the Depth of -2km vs Real Tangential Displacement Data for Station 3407
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Figure 4.37 shows amplification range at the frequency domain, the amplified synthetic
data over real data and the synthetic data which was generated with crustal structure
model over real data, with Input from Synthetic Waveforms Generated at the Surface (left)

and at the depth of -2 km (right) correspondingly.
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Figure 4.37. Amplification Range at the Frequency Domain for station 3407

4.3. Site Amplification Optimization and Site Specific Shallow Model Optimization
for Non Amplified Stations

Although amplification is observed at these stations 3405,3406,3408,3411, a good
fit could not be achieved with all the top five velocity models, since these are relatively
hard rock sites. Normally, in soft sediment sites, one would expect to observe the
amplification because of stronger wave energy trapping and resonance effects due to
lower shear wave velocities. However, such amplification hardly ever appears in hard
rock sites due to much higher values of Vs and lower impedance contrast. The inability
to model such amplification thus does not point at data processing issues but underlines
natural limitations of velocity models in capturing the amplification at hard rock sites
where, generally, amplification is small. Results will be shown as the amplification
observed with Input from Synthetic Waveforms Generated at the Surface for stations
exhibiting amplification will be presented. Subsequently, the results for these stations at
a depth of 2 km will be displayed. In both cases, synthetic waveforms will be sequentially
compared with time-domain waveforms obtained through convolution with the transfer

function of the optimal two layers.
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4.3.1. Result of Station 3405

In the case of station 3405, the first layer's thickness was chosen between 300
meters and 500 meters with Vs values from 100 m/s to 400 m/s, while the second layer
thickness was chosen between 600 meters and 1000 meters with Vs ranging from 200 m/s
to 600 m/s. The damping factor has been considered within the range 1-5 for the first
layer and between 0.1 and 1 for the second layer. These values have been selected for this
area in view of their relatively soft sediments, the range of Vs values was derived based
on reports from AFAD stations. Figure 4.38 shows the calculation of the amplification
factor at the surface, where the synthetic seismogram from the crustal model has been
taken as an input. In the time history plot, the amplitudes of the output signal are much
larger with respect to the input signal, especially between approximately 10 to 25 seconds,
showing very strong site response. It is further confirmed by the amplification spectrum,
which shows strong amplification in the frequency range between 0.5 Hz and 10 Hz, with
distinct peaks within the frequency window of 1 Hz to 5 Hz. Thus, it indicates that the
site amplifies seismic waves within this frequency range. The phase shift plot is on a
decreasing trend, which means that higher frequencies are experiencing greater phase
delays that can be attributed to the frequency-dependent wave propagation effects. Also,
Fourier amplitude spectra showing the constant higher output motion amplitudes than the
input motion amplitudes within the same frequency window confirm that amplification is
taking place. It can be observed that for frequencies lower than 0.5 Hz, the shapes of the
input and output spectra are similar while exhibiting a very small amplification.
Generally, this analysis points out that seismic energy has been most amplified in this
station within a frequency range of 0.5-10 Hz, particularly between 1 Hz and 5 Hz, most

probably due to the local site and subsurface effect.
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Figure 4.38. Amplification Factor and Fourier Amplitude Comparison of

Station 3405 with Input from Synthetic Waveforms Generated at the Surface

Figure 4.39 presents the amplification effects that were observed at a depth of 2 km,
for which the input signal in red is taken as the synthetic seismogram produced from the
crustal model, and the output signal in blue is its amplified version after wave
propagation. A strong increase in amplitude of the output motion within 15 to 25 seconds
is visible in the time history plot, which indicates strong site effects. The result is an
increase in the maximum amplification within the frequency spectrum between 0.1 Hz up
to 3 Hz, with peaks over a factor of 8 that may show resonant effects caused by impedance
contrast in the deeper structure. The phase shift plot shows considerable wave dispersion,
particularly at higher frequencies, while the Fourier amplitude spectra show that the
output contains the spectral characteristics of the input but with increased energy,
especially within the 0.1 Hz to 10 Hz range. These results suggest that the deeper
geological structure significantly amplifies seismic waves, especially in the lower
frequencies, by changing both their amplitude and phase characteristics due to resonance

and propagation of waves.
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Figure 4.39. Amplification Factor and Fourier Amplitude Comparison of
Station 3405 with Input from Synthetic Waveforms Generated at the Depth of 2 km

Figure 4.40 and Figure 4.41 illustrate the depth and Vs velocity of the five
generated velocity models at the levels of the surface and -2 km, respectively. Similarly,
Figure 4.42 and Figure 4.43 present the comparison between the synthetic waveforms

generated using these velocity models and the real data, in the same order.
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Figure 4.40. Top 5 Accepted Model for Station 3405 with Input from Synthetic

Waveforms Generated at the Surface
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Figure 4.42. Top 5 Accepted Velocity Models Synthetic Waveforms Generated
at the Surface vs Real Tangential Displacement Data for Station 3405
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Figure 4.43. Top 5 Accepted Velocity Models Synthetic Waveforms Generated
at the Depth of -2km vs Real Tangential Displacement Data for Station 3405

Figure 4.44 shows amplification range at the frequency domain, the amplified

synthetic data over real data and the synthetic data which was generated with crustal

structure model over real data, with Input from Synthetic Waveforms Generated at the

Surface (left) and at the depth of -2 km (right) correspondingly.
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Figure 4.44. Amplification Range at the Frequency Domain for station 3405
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4.3.2. Result of Station 3406

In the case of station 3406, the first layer's thickness was chosen between 100 meters
and 500 meters with Vs values from 300 m/s to 800 m/s, while the second layer thickness
was chosen between 100 meters and 1000 meters with Vs ranging from 400 m/s to 1000
m/s. The damping factor has been considered within the range 1-5 for the first layer and
between 1 and 5 for the second layer. These values have been selected for this area in
view of their relatively soft sediments, the range of Vs values was derived based on
reports from AFAD stations. Figure 4.45 shows the calculation of the amplification factor
at the surface, where the synthetic seismogram from the crustal model has been taken as
an input. The time history plot displays input (red) and output (blue) signals: the latter is
significantly amplified, with main amplifications falling in between 15 to 30 s due to the
wave propagation effects through the modeled velocity structure. The bottom-left panel
shows that the amplification spectrum clearly increases within the frequency range of 0.2
Hz to 3 Hz with peak values over three times the input motion, suggesting that the crustal
model enhances seismic energy within this frequency band due to impedance contrasts
and resonance effects. The bottom middle panel represents the phase shift plot, indicating
a decreasing trend, which signifies that with increasing frequency, the output signal
becomes progressively delayed with respect to the input, and thus the effects of wave
dispersion are highlighted. Fourier amplitude spectra, represented by the bottom right
panel, further confirm that throughout most frequencies, but especially within the low-to-
mid frequency range of 0.2 Hz to 10 Hz, the output motion amplitudes are higher in
agreement with the observed amplification trends. The most important implication of
these results is that the crustal model induces significant amplification effects, mostly at
lower frequencies, where wave resonance and site-specific characteristics prevail in

seismic wave propagation.
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Figure 4.45. Amplification Factor and Fourier Amplitude Comparison of

Station 3406 with Input from Synthetic Waveforms Generated at the Surface

Figure 4.46 shows the amplification factor Generated using, as input, the synthetic
seismogram generated from the crustal model. Note that in the time history plot, in the
top panel, the input signal (red) and the output (blue) present a clearly visible
amplification effect. In fact, between 15 to 25 s, the amplitude of the output signal is
higher than that of the input. The most amplification, since the resultant of the bottom-
left panel of the amplification spectrum is for frequencies ranging between 0.1 and 1 Hz,
reaching a peak factor of amplification greater than 2. This already says everything, that
this crustal model enhances the ground motion mainly due to impedance contrasts and
resonance effects at the low-frequency range. The phase shift plot given by the bottom
middle panel reflects a progressive decrease, greater delays for higher frequencies,
representative of wave dispersion effects in the model. Fourier amplitude spectra bottom
right panel show that the amplitude of output motion is higher within the frequency range
0.1 to 10 Hz as compared with the input and thereby reinforces amplification trends
discussed previously. These results indicate that this crustal model introduces huge
amplification effects, especially in those lower frequencies where site response

characteristics play a major role in modifying seismic wave propagation.
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Figure 4.46. Amplification Factor and Fourier Amplitude Comparison of

Station 3406 with Input from Synthetic Waveforms Generated at the Depth of 2 km

Figure 4.47 and Figure 4.48 illustrate the depth and Vs velocity of the five
generated velocity models with Input from Synthetic Waveforms Generated at the
Surface and depth of -2 km, respectively. Similarly, Figure 4.49 and Figure 4.50 present
the comparison between the synthetic waveforms generated using these velocity models

and the real data, in the same order.
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Figure 4.47. Top 5 Accepted Model for Station 3406 with Input from

Synthetic Waveforms Generated at the Surface
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Figure 4.48. Top 5 Accepted Model for Station 3406 with Input from Synthetic
Waveforms Generated at the Depth of 2 km
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Figure 4.50. Top 5 Accepted Velocity Models Synthetic Waveforms Generated
at the Depth of -2km vs Real Tangential Displacement Data for Station 3406

Figure 4.51 shows amplification range at the frequency domain, the amplified
synthetic data over real data and the synthetic data which was generated with crustal
structure model over real data, with Input from Synthetic Waveforms Generated at the

Surface (left) and at the depth of -2 km (right) correspondingly.
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Figure 4.51. Amplification Range at the Frequency Domain for station 3406
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4.3.3. Result of Station 3408

In the case, station 3405, the first layer's thickness was chosen in between 100
meters and 300 meters with Vs values from 100 m/s to 300 m/s, while the second layer
thickness was chosen in between 100 meters and 1500 meters with Vs ranging from 200
m/s to 1500 m/s. The damping factor has been considered within the range 1-5 for the
first layer and between 0.1 and 1 for the second layer. These values have been selected
for this area in view of their relatively soft sediments, the range of Vs values was derived
based on reports from AFAD stations. Figure 4.52 shows the calculation of the
amplification factor with Input from Synthetic Waveforms Generated at the Surface,
where the synthetic seismogram from the crustal model has been taken as an input. From
this time history, the input signals are in red color and the output signals. It is clear that
there is a strong effect of amplification above all between 15 to 30 seconds where the
amplitudes related to the outputs are higher with respect to the inputs, demonstrating
strong site responses. The most marked amplification lies within the range from 0.1 to
5 Hz, as obtained from the amplification spectrum at the bottom left panel, having peak
values well over 10 times the input motion. Hence, it could be assumed from this that
the seismic energy will be enhanced due to impedance contrast and resonance effect
within this range by the crustal model. The phase shift plot, bottom middle panel,
reflects the significant reduction on account of wave dispersion effects mainly at the
higher frequencies. Fourier amplitude spectra of the same-bottom right panel-essentially
substantiate that the amplitude components of output motion are well above that of the
input, predominantly between 0.1 Hz and 10 Hz, further confirming the trend above.
These results therefore indicate that the crustal model contributes significant
amplification, particularly at lower frequencies where site response characteristics are
very important in modifying seismic wave propagation. Figure 4.53 shows a synthetic
seismogram computation using the crustal model for given input to give the calculation
of amplification factor. Time History: The plot above compares between the input red
and output blue signals of this computation. Most obvious is the fact that it has been
drastically amplified, since the site responses are very strongly developed in a window
of about 10 to 20 sec. The bottom left panel of the amplification spectrum indicates that
the principal amplification lies in the frequency range between 0.1 and 5 Hz, including
peak values larger than 10 times the input motion. This may suggest that seismic energy

has been developed in the given frequency range due to impedance contrasts and
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resonance effects in the crustal model. The phase shift plot indeed has a steep, generally
decreasing trend that describes strong wave dispersion at especially higher frequencies.
These are indeed confirmed by the Fourier amplitude spectra shown in the bottom right
panel; for the most part, especially within the range 0.1 Hz to 10 Hz, the output motion
has larger amplitude than the input, hence reinforcing the pattern of amplification
observed. Results obtained from the above studies indicate that the crustal model
significantly amplifies seismic waves, especially at low frequencies where subsurface

structure and resonance effects dominate to modify wave propagation.
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Figure 4.54 and Figure 4.55 illustrate the depth and Vs velocity of the five
generated velocity models at the levels of the surface and -2 km, respectively. Similarly,
Figure 4.56 and Figure 4.57 present the comparison between the synthetic waveforms
generated using these velocity models and the real data, in the same order. Figure 4.58
shows amplification range at the frequency domain, the amplified synthetic data over
real data and the synthetic data which was generated with crustal structure model over
real data, with Input from Synthetic Waveforms Generated at the Surface (left) and at
the Depth of -2 km (right) correspondingly.
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Figure 4.54. Top 5 Accepted Model for Station 3408 with Input from Synthetic

Waveforms Generated at the Surface
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Figure 4.55. Top 5 Accepted Model for Station 3408 with Input from Synthetic
Waveforms Generated at the Depth of 2 km
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Figure 4.58. Amplification Range at the Frequency Domain for station 3408

4.3.4. Result of Station 3417

In the case, station 3417, the first layer's thickness was chosen in between 400
meters and 600 meters with Vs values from 600 m/s to 1000 m/s, while the second layer
thickness was chosen in between 800 meters and 1500 meters with Vs ranging from 800
m/s to 2000 m/s. The damping factor has been considered within the range 1-3 for the
first layer and between 1 and 3 for the second layer. These values have been selected for
this area in view of their relatively soft sediments, the range of Vs values was derived
based on reports from AFAD stations. Figure 4.59 shows the calculation of the
amplification factor with Input from Synthetic Waveforms Generated at the Surface,
where the synthetic seismogram from the crustal model has been taken as an input. The
acceleration time history given in top panel: input in red, output in blue. From this output
waveform, one can see that it has larger amplitudes w.r.t the input and such an effect may
be attributed to the crust structure. The bottom-left panel shows the frequency-dependent
amplification factor and reveals strong amplification at the lower frequencies below 1 Hz,
with resonance peaks extending well into higher frequencies. The middle panel displays
the phase shift that decreases progressively with increasing frequency and evidences wave
propagation as dispersive in this crustal model. The bottom-right panel: Fourier amplitude
spectra of input and output signals. A blue output spectrum shows higher amplitudes for
the same frequencies compared to the input-red-skewed above in the time domain. From

these results, it is evident that the crustal velocity model promotes frequency-dependent
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amplification of waves and mainly those with a long period. The peaks of resonance

observed show consistency with the site response characteristics of the crustal structure.
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Figure 4.59. Amplification Factor and Fourier Amplitude Comparison of

Station 3417 with Input from Synthetic Waveforms Generated at the Surface

Figure 4.60 shows the calculation of an amplification ratio by using a synthetic
seismogram along with crustal velocity model. Time history of acceleration is shown in
top panel. Input motion is given in red whereas output motion is shown in blue color. One
can easily see that amplitude of output has been increased (amplification effect, in
particular during the peak shaking). The lower left panel shows the frequency-dependent
amplification factor, which has several important peaks at low frequencies due to resonant
effects from subsurface layering. The central panel plots the phase shift between input
and output signals, representing the wave propagation modification induced by the crustal
model. The lower right panel shows the Fourier amplitude spectra of input and output
motions. This therefore means that at the frequency bands, most especially within the
low-mid frequency range, an easily noticed effect of amplification is viewed. This
analysis justifies the inference that seismic wave propagation depends on a crustal model

in such a way that amplitude and phases change. Since this indicates the presence of
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amplification peaks associated with ground motion, there should be something related to

specific frequency site effects in resonance or due to wave trapping.
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Figure 4.60. Amplification Factor and Fourier Amplitude Comparison of

Station 3417 with Input from Synthetic Waveforms Generated at the Depth of 2 km

Figure 4.61 and Figure 4.62 illustrate the depth and Vs velocity of the five generated
velocity models at levels of the surface and -2 km, respectively. Similarly, Figure 4.63 and
Figure 4.64 present the comparison between the synthetic waveforms generated using these
velocity models and the real data, in the same order. Figure 4.65 shows amplification range
at the frequency domain, the amplified synthetic data over real data and the synthetic data
which was generated with crustal structure model over real data, with Input from Synthetic

Waveforms Generated at the Surface (left) and at the bottom -2 km (right) correspondingly.
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Figure 4.65. Amplification Range at the Frequency Domain for station 3417

4.4. Site Amplification Optimization and Site Specific Shallow Model
Optimization for Station 3412

Station 3412 is particularly problematic to analyze because, for a wide range of
velocity models tested, it is not possible to obtain an appropriate fit or amplification
according to the expectations. This might depend on the site location or possible technical
problems concerning the seismometer itself. Moreover, possible geological conditions of
the site have to be taken into consideration in order to interpret the observed discrepancy.
Since no specific range of velocity, thickness, and damping parameters yielded
satisfactory results for station 3412, the parameter ranges were set to their maximum
possible extent. Consequently, a total of 50,000 models were run to explore a broader
solution space. Therefore, for station 3412, only the comparison between the synthetic

waveforms generated from the top five models and the real data will be presented.



Depth [m]

Depth [m]

Shear-wave Velocity Profiles for Top 5 Accepted Models

500 4

1000

1500 -

2000

2500

] 500 1000 1500 2000 2500 3000 3500
Shear-wave velocity [m/s]

Figure 4.66. Top 5 Accepted Velocity Models with Input from Synthetic

Waveforms Generated at the Surface for Station 3412

Shear-wave Velocity Profiles for Top 5 Accepted Models

500 ~

1000

1500 A

2000 ~

2500 ~

3000 A

0 500 1000 1500 2000 2500 3000
Shear-wave velocity [m/s]

Figure 4.67. Top 5 Accepted Velocity Models with Input from Synthetic
Waveforms Generated at the Depth of 2km for Station 3412

70

—— Model 1
Model 2
Model 3

= Model 4
Model 5

Model 1
Model 2
Model 3
Model 4
Model 5



71

1.00 4 = Real Data

—— 3412_pySurface_1

—— 3412_pySurface_2

—— 3412_pySurface_3
3412_pySurface_4

—— 3412_pySurface_5

0.50 A

0.25 A

Amplitude

0.00 A

—0.25 4

—0.50 4

Time (s)

Figure 4.68. Top 5 Accepted Velocity Models Synthetic Waveforms Generated
at the Surface vs Real Tangential Displacement Data for Station 3412

1.00 4

0.75 -

0.50 ﬂ
$ 025
2
a
g 0.00 \ 5
"
—0.25 4 = Real Data
—— 3412 _pyR2_1
—— 3412_pyR2_2
—0.50 4 —— 3412_pyR2_3
3412 pyR2_4
—— 3412_pyR2_5
T T T T
0 10 20 30 40 50

Time (s)

Figure 4.69. Top 5 Accepted Velocity Models Synthetic Waveforms Generated
at the Depth of — 2km vs Real Tangential Displacement Data for Station 3412



72

Table 4.2 presents the comparison of the results of this study with the results of

AFAD's station reports.
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5. DISCUSSION

With over 17 million inhabitants, Istanbul is one of the most populous megacities in
the world and lies very close to the North Anatolian Fault Zone-a highly active transform
fault that has produced many large-magnitude earthquakes throughout history. Seismic
hazard assessments indicate that there is a high probability of a significant earthquake
affecting the region in the near future. Given the nature of Istanbul with highly dense urban
settings, including critical infrastructure, high-rise buildings, and buildings of historical
importance, understanding seismic wave propagation and site amplification effects is
highly essential for earthquake resilience. Especially, long-period seismic waves dominate
in the frequency range of 0.1-1.0 Hz, posing a serious threat to flexible structures such as
large-span bridges and high-rise buildings, due to the resonance characteristic that could
enhance seismic shaking. Therefore, proper modeling of site response and amplification
through various geological conditions in the city is an important issue for seismic hazard

mitigation.

During the 2019 Mw5.7 Silivri earthquakes, significant amplification and longer
duration was observed in recorded waveforms on several AFAD strong-motion stations.
This study presents a comparison of synthetic and recorded seismograms during the 2019
Mw5.7 Silivri earthquake generated using two different velocity models: a crustal model
that was previously used for the 2019 Silivri sequence (Karabulut et al., 2020) and a second

model where near-surface station specific layers were added to the crustal model based on

AFAD station reports to evaluate site amplification and subsurface velocity
structures. The aim is to determine which of the two velocity models reproduces the seismic
waveforms that were observed and also examines how different subsurface structures
influence the propagation of long-period seismic waves. In order to achieve this, velocity
models at the surface level and at a depth of -2 km depth were applied. It considers the
contribution of deep velocity discontinuities to surface wave amplification and analyzes

the influence on overall seismic response through a dual-layer approach.

Near-surface velocity values, provided by AFAD, were first added as
supplementary layers into the crustal model in order to take care of the local geological

variations.
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The results show significant amplification for stations lying over soft sediments,
especially stations 3412, 3411, 3407, 3413, and 3416. Amplification factors are
remarkably higher within the frequency range from 0.1 to 0.5 Hz, which corresponds to
the dominant frequencies of long-period seismic waves. This range is especially pertinent
to seismic response for high-rise buildings and other flexible structures, as the long-period
ground motions can resonate with the natural frequencies of such systems, thereby
strongly amplifying shaking. Amplification at these stations indicates that buildings and
infrastructure in these areas may be especially vulnerable to long-duration ground motion

during large earthquakes.

We also conclude that for the stations where the ground motion is significantly
amplified, the AFAD-based model is not capable of capturing the real characteristics of
ground motion, which means the reported velocity values are not representative of site

complexities.

On the other hand, the crustal model fits better with the observed data at hard rock
stations but largely underestimates the amplification effects at soft sediment sites. Adding
the station specific shallow layers from AFAD station reports does not yield any
improvement. For the stations that are significantly amplified with respect to the estimates
from the crustal model, in the frequency bands we are interested AFAD velocity models
and amplification factor reports significantly underestimate the amplification observed in

these station.

The large depth discrepancies in the amount of amplification indicates that local
site conditions are likely to be the main source of the observed amplification. Therefore,
we then proceed and optimize the shallow layers by adding site-specific two-layer models
using vertical transfer functions to explain amplified and/or long duration data. As an

input model we try a synthetic waveform at 2 km depth and also surface.

Stations on the soft sediments, such as 3411, 3416, and 3413, provided a best fit
when input for site amplification is used as a synthetic waveforms generated at a depth of
2 km, and the rest is assumed to be 2 sedimentary layers complemented by the top layer
of the crustal structure. These satisfactory fits in frequency domain also fits the
amplification in the time domain. These results suggest that the amplification observed is

due to site effects but is coming from the much deeper sedimentary layers which amplifies
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the waves at the longer period. We conclude that the stations that significantly amplify
the ground motion can be modeled by site specific soft sediment models that are
overlaying the crustal model at a depth. By contrast, station 3407 has a better fit when
input for site amplification is used as a synthetic waveform generated at the surface
indicating that the station is overlain by a shallower soft layer and the near-surface

properties are dominant in the response at this station.

In hard rock stations, 3405, 3406, and 3408 have better fits when synthetic
seismograms are calculated using the crustal velocity model on the surface, which was
expected since the amplitude of the direct phase is well predicted by the initial crustal
model. Nevertheless, station 3417 provided a better fit for the input synthetic model
calculated at a depth of 2 km, proving that subsurface heterogeneities or deeper velocity

structures have an influence on wave propagation at the site.

While the amplitudes on the hard rock sites are well predicted by the initial crustal
model, the duration of these records is still quite long in comparison to the source duration
(~4 seconds) and reverberations continues much longer than the predicted (e.g. Figure
4.63, 4.64). The problem with adding soft layers to these hard rock stations is that while
adding soft layers yield spectral fits, the amplitude of the initial SH pulse is significantly
overestimated when soft layers are added. This implies that some of the reverberations
are not generated below the site but rather are path effects. One possibility is that since
the earthquake occurs in the central basin where the sediment depth is about 6 km, the
phases generated at the source region also contribute to the long period reverberations. In
addition, when the waves generated hit the shelf of the Marmara coast, that could also
affect the observed waveforms. It should also be noted that more than one earthquake
and also earthquakes coming from different azimuths should be studies to improve the

estimated velocity models.

This study assumes that the main effects come from local site conditions; path
effects-such as the wave propagation through different crustal structures-may vary. The
variations observed here between synthetic and empirical estimates could arise due to
source variability or in path effects since those were not considered here. Such models
have further refinements involving the analysis of earthquakes coming from other
azimuths to fix these anomalies if they persist at more source locations and azimuths. A

full 3D model and a 3D eave propagation model is necessary to calculate the details.
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Especially, the strong reverberation effects present at station 3412, which shows
long oscillations even in acceleration data, and such an anomaly could be related to very
thick unconsolidated sediments or to some technical problems at the station. Contrary to
other available stations, the waveform characteristics of 3412 seem quite different from
those expected because of a high resonant condition of the site or due to some

inconsistencies of the adopted velocity model.

Further comparison between the AFAD-based and crustal models reveals large
discrepancies in near-surface velocity values. The optimized velocity models, derived
from the best-fitting synthetic seismograms, are considerably different from the velocity
structures reported by AFAD. This suggests that the currently available velocity models
of AFAD need further refinement, particularly for soft sedimentary sites where local
geological heterogeneities strongly affect ground motion. Thus, a detailed velocity model
would highly be derived, considering that the seismic hazard studies are in need of a
realistic model of the velocity distribution. High-resolution geotechnical and geophysical

data should be considered in the derivation.

Insufficient capability of crustal model to provide site amplification effects at soft
sediment sites calls for refined local velocity models. Although the crustal model
represents a reasonable approximation for hard rock stations, it systematically
underestimates the level of amplification of sites overlying unconsolidated sediments.
This reality underlines the importance of the local velocity model that would take into
account the detailed subsurface geophysical properties. Finally, some discrepancies
between observed and synthetic waveforms are possibly due to the adopted damping
factors that ranged between 0.1 and 0.5 in this study. Another decisive factor in
amplification is the thickness of the surface layer, which further complicates the modeling

of site response in Istanbul.

The location at a depth of -2 km was important to understand how deep velocity
discontinuities may affect seismic wave amplification. These results imply important
roles of deep-seated velocity contrasts in resonance effects at soft sediment sites,
necessitating depth-dependent velocity models in site response studies. Findings are in
good agreement with previously reported enhancement of long-period seismic waves
resulting from deep basin resonance, thereby further justifying the inclusion of deep

geological structure in seismic hazard assessment.
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In general, this study underlines the critical role that site effects play in the
propagation of seismic waves in Istanbul. The findings confirm that long-period seismic
waves are a major factor in seismic hazard assessments for the region, particularly in areas
underlain by soft sediments where amplification is most pronounced in the 0.1-0.5 Hz
range. These effects, therefore, cannot be captured by a standard velocity model, and call
for the need to develop superior site-specific velocity models incorporating high-
resolution subsurface data. Due to the high susceptibility of Istanbul to large-magnitude
earthquakes, as well as widespread soft sedimentary basins, further studies regarding
long-period wave effects and local site conditions become necessary. Continued research
into site response characteristics, as well as further developments in velocity modeling

techniques, will be integral to earthquake resilience and seismic hazard mitigation.
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6. CONCLUSION

In this study we explored the ground motions generated at the AFAD strong-motion
sites in Istanbul. We show that while direct SH wave displacements can be well estimated
by a crustal model significant amplification and longer durations in soft-rock sites cannot
be explained by neither the crustal model, nor by adding shallow layers from AFAD
station reports. We therefore attempt to obtain the shallow velocity structure beneath these
stations by calculating the synthetic waveforms at depth and then convolving with the
transfer function of the shallow layers. We successfully obtained the shallow layer on
sites that are significantly amplified on the European side of the city. The estimated
thickness in these sites varies between several hundred meters to almost a km. While the
amplification in most sites can be explained, it is more challenging to model the stations
where there is not significant amplification but still the reverberations continue for
significantly longer. We infer that more complex 3D models are necessary to explain this
behavior. Furthermore earthquakes from different azimuths are necessary to further

improve the reliability of the obtained velocity models.
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APPENDIX A: DISTRUBUTION ERRORS FOR STATION 3411
WITH INPUT FROM SYNTHETIC WAVEFORMS GENERATED AT
THE SURFACE
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