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The eastern parts of the Aegean Sea were struck by a destructive MW 6.9 earthquake on
30 October 2020 at 11:51:27 UTC. The earthquake ruptured an East-West trending
normal fault in the Aegean Sea between the northern coast of Samos Island and the
southern coast of İzmir and also triggered a medium level tsunami and thousands of
aftershocks across the region. 119 fatalities, 1,051 injuries, and many collapsed buildings
were reported due to the earthquake in the affected region. The most catastrophic
consequences of the earthquake were registered in the Bayraklı and Bornova districts,
which are built on a deep alluvial Basin approximately 60–70 km away from the epicentre of
the mainshock. This paper explains the damage with an extensive dataset of ground
motion records of the mainshock and aftershocks, which are provided by both Greek and
Turkish networks. A set of ground motion parameters such as peak ordinates, spectral
quantities, intensity measures and duration parameters are calculated and analysed. The
closest softer soil station in Samos Island produces the highest peak ground acceleration
and velocity. The ground motion models employed commonly for the region overestimate
the observed data beyond 60–70 km of Joyner-Boore distance except for the recently
published local ground motion model, which utilises local earthquakes in the derivation of
the model. Contrary to expectations, stiff soil recordings exhibit considerable spectral
accelerations in the long period region, similar to those in soft soils. The calculated ground
motion parameters are correlated with the results of the hybrid reconnaissance mission,
organized by the Earthquake Engineering Field Investigation Team (EEFIT). Although the
peak values and regarded intensity measures clearly highlight the variability in soil
conditions in the most damaged area (Bayraklı and Bornova), velocity-based ground
motion parameters seem to be the more responsive damage indicators. The spectral
shapes of the normalised response spectra in the İzmir Basin are not compatible with the
2018 Turkish seismic code spectrum whereas their response spectra are below the 475-
years return period design spectra provided in outdated and current Turkish
seismic codes.

Keywords: strong ground motion, earthquake damage, Samos, İzmir, Aegean Sea earthquake, ground motion
parameters, GMPE, earthquake reconnaissance

Edited by:
Enrico Tubaldi,

University of Strathclyde,
United Kingdom

Reviewed by:
Rajesh Rupakhety,

University of Iceland, Iceland
Bogdan Grecu,

Institutul National de Cercetare si
Dezvoltare pentru Fizica Pamantului,

Romania
Alexandru Tiganescu,

Institutul National de Cercetare si
Dezvoltare pentru Fizica Pamantului,

Romania, in collaboration with
reviewer BG

*Correspondence:
Yasemin D. Aktas
y.aktas@ucl.ac.uk

Specialty section:
This article was submitted to

Earthquake Engineering,
a section of the journal

Frontiers in Built Environment

Received: 06 February 2022
Accepted: 02 May 2022
Published: 02 June 2022

Citation:
Malcioglu FS, O’Kane A, Donmez K

and Aktas YD (2022) Characteristics of
Strong Ground Motions in the 30

October 2020, MW6.9 Aegean
Sea Earthquake.

Front. Built Environ. 8:870279.
doi: 10.3389/fbuil.2022.870279

Frontiers in Built Environment | www.frontiersin.org June 2022 | Volume 8 | Article 8702791

ORIGINAL RESEARCH
published: 02 June 2022

doi: 10.3389/fbuil.2022.870279

http://crossmark.crossref.org/dialog/?doi=10.3389/fbuil.2022.870279&domain=pdf&date_stamp=2022-06-02
https://www.frontiersin.org/articles/10.3389/fbuil.2022.870279/full
https://www.frontiersin.org/articles/10.3389/fbuil.2022.870279/full
https://www.frontiersin.org/articles/10.3389/fbuil.2022.870279/full
https://www.frontiersin.org/articles/10.3389/fbuil.2022.870279/full
http://creativecommons.org/licenses/by/4.0/
mailto:y.aktas@ucl.ac.uk
https://doi.org/10.3389/fbuil.2022.870279
https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org/journals/built-environment#editorial-board
https://doi.org/10.3389/fbuil.2022.870279


INTRODUCTION

On 30 October 2020 at 11:51:27 UTC, a MW 6.9 (Kandilli
Observatory and Earthquake Research Institute, 2021) normal-
faulting earthquake hit the Aegean Sea off the coasts of the Greek
Island of Samos and Turkey. The epicentre was 14 km northeast
of Avlakia in Samos and 25 km southwest of Seferihisar in İzmir,
Turkey, at a reported depth ranging from 3 (Institute of
Engineering Seismology and Earthquake Engineering, 2020) to
21 km (United States Geological Survey, 2020) and with
maximum intensity VIII (United States Geological Survey,
2020). The event was followed by thousands of aftershocks
with a moment magnitude (MW) up to 5.1. The event caused
15–35 cm of coseismic uplift along the coast of Samos (Plicka
et al., 2021) and was accompanied by a tsunami that affected the
northern coastline of Samos, as well as between Alaçatı and
Gümüldür in Turkey with the water level reaching up to 1.9 m
(Aktas et al., 2021). Because of the large magnitude and shallow
nature of the earthquake on 30 October 2020, there were many
coseismic surface ruptures reported (Lekkas et al., 2020; Aktas
et al., 2021).

The Aegean region is one of the most seismically active
locations in the world and with a growing population and
expansion of cities like İzmir, which is now the third-largest
city in Turkey with a population of about 2.8 million
(Demographia, 2021), the vulnerability and risk to the people
who live there is ever increasing. Despite being situated further
away from the epicentre at 70 km, İzmir city on the western coast
of Turkey was the most adversely affected region from the 2020
earthquake. Almost all casualties due to the event took place in
two districts in İzmir, Bayraklı and Bornova, due to the collapse of
a seven 7–11 storey reinforced concrete (RC) structures. It is
believed that the collapse of these structures was the result of a
combination of the site characteristics, having being built on deep
alluvial deposits, and poor construction practices with non-
compliant design to building codes and occupancy
modifications on the structures (Aktas et al., 2022).

Strong ground motion recordings of the mainshock and
aftershocks have allowed us to investigate the event’s
seismological and engineering aspects. The earthquake waves
generated by a rupture source change their characteristics
based on the propagation path and site characteristics of the
stations. In this context, the recorded strong ground motions
during earthquakes are seminal sources to ascertain the main
causes of the earthquake-induced consequences. This paper aims
to make a comprehensive evaluation of this well-recorded
earthquake through the ground motion parameters computed
from a significant accelerograms database [200 horizontal and 99
vertical components]. We briefly outline the seismotectonic and
geological context of the region and give an account of the
seismological interpretation of the mainshock and aftershock
sequence. Then, a detailed explanation of our database and
selection criteria are given considering the statistical
distribution of distances and soil conditions of stations within
200 km of the 2020 earthquake’s epicentre. The consistency of
velocity particle traces with the azimuth of the fault plane is also
investigated. Several ground motion parameters including peak

ground acceleration (PGA), peak ground velocity (PGV), spectral
accelerations (SAs), Arias intensity (AI) (Arias, 1970), cumulative
absolute velocity (CAV) (Reed et al., 1988), Housner spectral
intensity (Housner, 1952) and significant durations (D5,75 and
D5,95) (Arias, 1970) are compared with the widely-used ground
motion prediction equations [GMPEs, and also commonly
known as Ground Motion Models (GMMs)] and residual
analyses, to understand the compatibility of the observed
parameters with the estimated values. To understand whether
seismic codes are responsible for the damage, the comparison of
the response spectra of the ground motions with the design
spectra of the outdated and currently used seismic design
codes is provided. Then, the role of the duration and
frequency content is examined with a special emphasis on the
concept of the 3D response spectrum. To conclude, the damage
correlation of the spatial distribution of several ground motion
parameters is presented.

SEISMOLOGICAL BACKGROUND AND
GEOLOGICAL SETTING

In this section, we will briefly summarise the regional tectonics,
geodetic observations, seismicity, and local geology of the Aegean
region surrounding the earthquake epicentre, to provide context
for understanding the strong ground motion distributions
discussed later in the paper.

Regional Tectonics and Geodetic
Observations
The Aegean Sea is a tectonically complex region at the
intersection between three major tectonic plates (African,
Arabian, and Eurasian) and two microplates (Aegean and
Anatolian) (McKenzie, 1972). It forms part of the rapidly
deforming Alpine-Himalayan orogenic belt and is dominated
by strike-slip and extensional motion. Firstly, strike-slip motion is
accommodated along the rapidly moving North and East
Anatolian Faults, causing an overall westward motion of
Turkey relative to Eurasia. Secondly, north-eastward
subduction of the African plate along the Hellenic trench
causes extension in the overriding Aegean plate (McKenzie,
1972; Jackson, 1994; Taymaz et al., 2007), within which the 30
October 2020 earthquake occurred. It was this north-eastward
subduction that resulted in the East-West-trending graben
system that extends across western Turkey and into the
Aegean Sea (McKenzie, 1978; Taymaz et al., 1991).

McKenzie (1972) first estimated the convergence rates of the
wider region (Turkey) to be ~70 mm/yr, relative to Eurasia.
Jackson and McKenzie (1988) however, used earthquakes
between 1908 and 1981 to estimate that the Hellenic Trench
in the Aegean Sea only accommodates ~15 mm/yr of shortening,
whilst the central Aegean region is extending North-South at
rates of 20–60 mm/yr. Africa and Eurasia are converging so this
anomaly led to the conclusion that most of the convergence in the
Hellenic Trench must be aseismic. McClusky et al. (2000),
Nocquet (2012) and England et al. (2016) have since carried
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out extensive studies using GPS measurements and other
available datasets to gain average strain rates across the
Aegean region to be in the range of ~30–43 mm/yr, with
Nocquet (2012) noting slightly higher rates at sites near Crete
and the southern Peloponnese (see Figure 1).

Weiss et al. (2020) produced a strain rate model across
Anatolia prior to the earthquake from Sentinel-1 InSAR and
GNSS Data. The authors identified the region West of İzmir
(where the 30 October 2020 Aegean Sea earthquake occurred) to
be an area of high strain.

Local Geology of Samos and İzmir
The Island of Samos is located ~10 km South of the 30 October
2020 epicentre and ~1.5 km off the western coast of Turkey,
where it extends from the Mycale range (Papadimitriou et al.,
2020). The geomorphology of Samos is dominated by two
mountainous regions (Mount Ambelos in the centre of the
Island and Mount Kerketeas in the West) (Kotinas, 2021), in
addition to the Zoodochos Pigi Massif to the East, which creates
another topographic high across the Island. These structurally
high regions are divided by two topographically low Neogene
sedimentary Basins (the Karlovasi Basin to theWest andMytilinii
Basin to the East) (Stiros et al., 2000), and in addition to these,
there is a prominent decrease in topography from West to East
across the Island. Ring et al. (2007) mapped the main geological
features of the Island which is centralised around a nappe stack
from an Upper ophiolite unit to a basal dolomitic marble unit, in
addition to Neogene lacustrine graben sediments (Weidmann
et al., 1984). Chatzipetros et al. (2013) identified the main active
structures across the Island to be the Karlovasi, Marathokampos,
Pythagorion and Vathy faults, in addition to the offshore North
Samos fault, on which the 2020 earthquake occurred (as
illustrated in Figure 2B).

İzmir, however, is a densely populated city that is located at the
mouth of the Bay of İzmir and is built on Miocene sedimentary
units and Plio-Quaternary alluvial deposits (Uzel et al., 2013).
There are a series of East-West trending normal faults and
northeast-southwest trending strike-slip faults, which pose a
hazard to the city. İzmir Bay has a unique ‘L’ shape due to

being bound by these active faults (Aksu et al., 1987). The worst
affected areas were the Bayraklı and Bornova districts, where 17
buildings collapsed and 200 buildings were heavily damaged
(Aktas et al., 2021), despite being ~70 km away from the
earthquake’s epicentre as of 30 November 2020. These districts
suffered catastrophic consequences because of the subsurface
geology (alluvial soils) on which the city is built. The 30
October 2020 event demonstrated the earthquake ground
motion amplification that can occur in sedimentary Basins, as
discussed by Bard and Bouchon (1985), Rial et al. (1992), Meza-
Fajardo et al. (2016) and O’Kane and Copley (2020). The near-
surface shallow velocity structure (e.g., the top 30 m) can also
have a large effect on the earthquake ground motion
amplification and these can change significantly over short
horizontal distances (Anderson et al. (1996); Boore and
Joyner, (1997)).

Historical Seismicity
The Aegean region is one of the most seismically active regions in
the world (as demonstrated by Figure 2A) and as such, has had a
history of destructive earthquakes. Although the early seismic
record for Samos is incomplete, Stiros et al. (2000) noted that
there were multiple devastating earthquakes in 200 BC, 47 AD
and 1751, and at least six >MW6 earthquakes in the 19th century.
Soysal et al. (1981) and Ambraseys (2009) report a few large
earthquakes in the 17th to 19th centuries, including the 10 July
1688 and 4 April 1739 events which, similarly to the 2020 Aegean
Sea earthquake, caused severe localised damage across parts of
Turkey’s İzmir province. The 1688 event killed over 5,000 people
in İzmir, largely attributed to the collapse of three-quarters of the
city’s building stock and subsequent widespread fires across parts
of the city, and the 1739 event had the greatest effect on the low-
lying European quarter and the town of Old Foca where three-
quarters of its infrastructure was destroyed, causing up to 80
deaths (Ambraseys, 2009). Although the historic records are
minimal, the Island of Samos has been affected by multiple
earthquakes in the past, including events in 1751, 1766, 1804,
1817, 1831 and two >MW 6.0 earthquakes (1904 MW 6.8 and
1955 MW 6.9) since the beginning of the instrumental record
(Ambraseys, 2009). These earthquakes caused widespread
damage across the Island of Samos and the surrounding Greek
Islands, in addition to the provinces in western Turkey
(Makropoulos et al., 2012). The Samos Fault that ruptured
during the 2020 Aegean Sea earthquake was similar in
dimensions to the sub-parallel onshore Pythagorian fault
which was activated during the MW 6.8 11 August 1904,
causing severe damage to towns such as Vathy which are built
on quaternary sediments known to amplify earthquake ground
motions (Lekkas et al., 2020).

The Aegean region is an extensional back-arc area behind the
Hellenic subduction arc and as a result, the seismicity is
dominated by either strike-slip or normal faulting (McKenzie,
1978). The deformation in the Aegean region is distributed over
many active faults, which mainly strike northeast-southwest or
East-West, both offshore and onshore in Turkey and Greece (see
red lines in Figure 2). Over the past century, there have been
thousands of earthquakes across the Aegean region, with frequent

FIGURE 1 | GPS velocities relative to Eurasia from the Nocquet (2012)
and England et al. (2016) catalogues.
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moderate-magnitude (MW ≥ 5.0) earthquakes and a significantly
large number of smaller-magnitude (MW < 5.0) earthquakes
across the region (as demonstrated by the inset on Figure 2).
The seismicity of moderately sized earthquakes across the region
has been known to be episodic with periods of quiescence,
followed by clustering of earthquakes [e.g., in 1969; McKenzie
(1972), or in 2009; Tan et al. (2014)]. To illustrate the spatial
distribution of the most hazardous earthquakes in Figure 2A, we
have filtered the seismic data to only show events within the crust
(at depths of <35km, as determined by Jackson et al. (2008)), and
with a sufficiently large moment magnitude (>MW5.0). In
mainland Greece and the eastern Greek Islands, normal
faulting is the main mechanism of deformation, whilst in the
Hellenic arc, thrust faulting dominates. In the northern parts of

the Aegean region, strike-slip faulting is the predominant type of
fault rupture, whilst in the centre of the Aegean region, there is an
aseismic region, surrounded by active belts on all sides. The focal
mechanisms in Figure 2A illustrate transpressional stress along
the Hellenic Arc and transtensional tectonics in the overriding
Aegean plate (Kassaras et al., 2020).

We also investigated the seismicity on a local scale to the 30
October 2020 earthquake (Figure 2B). We illustrate the active
faults across the Samos and the surrounding region, with most
trending northeast-southwest onshore and a couple trending
East-West offshore. Mountrakis et al. (2003), Chatzipetros
et al. (2013) and Coskun et al. (2017) have carried out local
studies on the active faulting on the Island of Samos and within
the Gulf of Kuşadası, local to the 30 October 2020 Aegean Sea

FIGURE 2 | (A) Focal mechanism map showing earthquake events in the Aegean Sea and neighbouring Greek and Turkish coastlines from the Wimpenny and
Watson’s (2020) global waveform modelled catalogue. The focal mechanism for the 30 October 2020 earthquake is in blue. The inset shows the frequency of seismic
events across the Aegean region within the extent of (A). (B) Seismicity map of the region local to the 30 October 2020 Samos earthquake. The map illustrates crustal
(<35 km) events fromDziewonski et al. (1981), Burton et al. (2004), Ekström et al. (2012) and the AFAD 1900–2020 earthquake catalogue (Disaster and Emergency
Management Authority, 2020).
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earthquake. Whilst there are many faults spread across the Island
of Samos, Chatzipetros et al. (2013) identified the Karlovasi,
Marathokampos, Pythagorion, Vathy and North Samos faults
to be the active structures in the region. The Samos fault (located
~10 km North of Samos) dips at 45° to the North, at a depth of
15 km (Eyidoğan, 2020), consistent with the earthquake
parameters of the 30 October 2020. It, therefore, was
determined to be responsible for the earthquake.

Brief Seismological Information of the Event
On 30 October 2020 (11:51:27 UTC) a MW 6.9 normal-faulting
earthquake occurred in the Aegean Sea ~10 km North of the Greek
Island of Samos and ~35 kmWest of the coast of Turkey. Although
multiple seismological agencies have reported slightly varying finite
fault solutions for the earthquake (see Supplementary Table S1), we
can deduce that the earthquake did occur in the shallow upper crust
(depth of <12 km; Plicka et al., 2021), on the East-West trending
Samos fault that dips steeply to the North. The previous geological
surveys and field investigations of several researchers also strongly
sustain the argument of North-dipping faulting for the region (Pınar,
2020)1. The rakes deduced in Supplementary Table S1 suggest that
the earthquake was almost pure extension (with little to no strike-slip
motion involved). This fault movement caused uplift of Samos
Island on the footwall side of the fault and subsidence on the
hanging wall side, hence why the Greek Islands to the North of
the epicentre saw higher tsunami run-up levels (Aktas et al., 2021).
Considerable research efforts have also been dedicated to the
identification of the finite fault models, many of which are
compatible with each other for the mainshock (Kiratzi et al.,
2021 (see Supplementary Table S1); Akinci et al., 2021;
Karakostas et al., 2021; Chousianitis and Konca, 2021; Ganas
et al., 2021; Taymaz et al., 2022). Kiratzi et al. (2021) has
established a mainshock slip model with thirty recordings chosen
to represent all azimuth angles based on a finite fault inversion
method. The details of the fault geometry based on this solution will
be used in the calculation of distance metrics in this study. For
consistency, the moment magnitude (MW7.0) which is proposed by
Kiratzi et al. (2021) will be used in our computations.

Lekkas et al. (2020) report several metre-scale coseismic
surface ruptures with centimetre-scale offsets in the Agios
Nikolaos, Agios Elias and Kontakaeika villages in the North-
West of the Island of Samos. The ruptures in the area of Agios
Nikolaos strike 40–70° NE which is consistent with the already
mapped faults in the region (Ring et al., 2007). Lekkas et al.
(2020) also documented the permanent coseismic uplift
attributed to the 30 October 2020 earthquake, which was
easy to identify from old waterlines along the rocky
shoreline and harbour walls. This type of observation is not
unique to the Mediterranean region as many studies have
documented tectonic uplift and subsidence across Euboea
(Stiros et al., 1992), the Gulf of Corinth (Jackson et al.,
1982; McNeill and Collier, 2004), Ionian Islands (Pirazzoli
et al., 1994), Rhodes (Pirazzoli et al., 1989), Crete (Tiberti

et al., 2014) and the Cyclades (Evelpidou et al., 2014) in the
same way. Stiros et al. (2000) have previously documented the
changes in the Samos coastline, which allowed Lekkas et al.
(2020) to make direct measurements at various locations
along the Samos coastline where pre-2020-earthquake
measurements were available.

BRIEF EVALUATION OF
AFTERSHOCKS-MAINSHOCK
SEQUENCES
Major earthquakes cause cascading effects on the built
environment, with the ground shaking caused by earthquakes
and their aftershocks being the main contributing factors.
Especially in earthquake-prone high-populated regions,
aftershocks can considerably increase the amount of in-situ
damage to structures. Therefore, investigating the frequency
and magnitude characteristics of these kinds of seismogenic
areas (i.e., their capability to generate aftershocks), could be as
crucial as investigating the mainshock itself. Statistics-based
scaling approaches constitute three pillars for this
identification process: Gutenberg-Richter, Omori, and Bath
(Shcherbakov et al., 2005). Foremost, the Gutenberg-Richter
law reveals the correlation between the earthquake magnitude
and occurrence frequency for a particular region. On the other
hand, the Omori’s law characterises the rate of shocks by elapsed
time, and Bath’s rule is for the identification of the primary largest
aftershock. It is, therefore, essential to identify the frequency-
magnitude characteristics of the seismic zone and evaluate the
aftershock sequence and distribution of events.

In the 30 days following the 2020 Aegean Sea earthquake, a
sequence consisting of hundreds of events of varying severities
was triggered. These events informed two data sets within the 1-
month period following the ML 6.7 (MW 6.9) mainshock on 30
October 2020. Events with local magnitude ML ≥3 were
uniformly extracted from KOERI and AFAD databases
(Disaster and Emergency Management Authority, 2021;
Kandilli Observatory and Earthquake Research Institute,
2021), considering a circular area with r = 50 km from the
epicentre. KOERI and AFAD databases provide 458 and 338
events, respectively. According to the former set, most of the
events occur at 5–10 km depth (Figure 3B) and are in the 3.0–3.5
local magnitude range.

The map in Figure 3A displays epicentres of earthquakes of
the sequence, focal depths of which are presented by colours.
Two aftershocks with ML 5.2 (MW 5.1, 30.10.2020) and ML 5.0
(MW 5.0, 31.10.2020) take place within close proximity to the
main fault line. Along or within close proximity to the proposed
rupture surface by Kiratzi et al., 2021, ML ≤4.0 shallow events
are dominant. Figure 3B depicts the 3D distribution of the
observed sequential seismic activity based on the KOERI
database. At first glance, two groups of primarily shallow
shocks occurred westward and eastward from the epicentre,
and the majority of them were in the eastern part, which
corresponds to the main fault off the northern shore of
Samos (Figure 4). Utilising the focal depths of aftershocks,

1Pınar, A. (2020). Conversation with Prof. Ali Pınar, December. personal
communincation.
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the characteristic of normal faulting has also been seen,
however, the depth evaluation of the entire dataset does not
explicitly point out the North-dipping feature of the
mainshock.

A prominent statistical aspect of the aftershocks, (i.e., the
earthquake-frequency relationship of the Samos seismic zone), is
revealed utilising the Gutenberg-Richter law (Gutenberg and
Richter, 1949). This relationship employs a regression form:
log10(N≥ML) � a − b(ML). Where a and b are regression
constants that can be fundamental in interpreting regional
characteristics, and ML stands for the local magnitude. Two
data sets resulted in similar linear models for the 2020
sequence. The b-values of 1.188 and 1.138 are obtained using
aftershocks in KOERI and AFAD catalogues, respectively
(Figure 3C). Linear G-R models of each data set are evident
and satisfy the previous regional studies. For instance, the mean
b-value was calculated as 1.0 ± 0.2 in the study by Kourouzidis,
2003. The b-values of the fitted curves are also in acceptable

agreement with the results of a previous study by Erdik et al.,
1999. They obtained b-values vary between 0.7 and 1.1 for
Turkey’s seismic zones.

The temporal distribution of this sequence is expressed by
the Omori-Utsu approach (Utsu, 1961). Daily rates (n) of
aftershocks, i.e., a time interval (t) equals to 1 day, is used to
fit a nonlinear curve employing the following equation:
n(t) � k/(t + c)p. Herein, k, p and c refer to the coefficients
which chracterise the equation. The majority of events
occurred in the first week following the mainshock, and
the remaining exhibits a nearly flat region that is the
indicator of the slowdown in the rate of events
(Figure 3A). The difference in two k-values, a parameter
characterising the aftershock productivity, can be associated
to sizes of these data bases. KOERI provides a higher number
of aftershocks, 458 events whereas there are 338 events from
AFAD, which causes a larger k-value. Importantly, two
different models based on two discrete databases from

FIGURE 3 | (A) Locations of Aegean Sea aftershock sequence with ML ≥ 3.0 (based on KOERI database), (B) 3D re-evaluation of the sequence within the crust. (C)
Frequency-magnitude relationships and (D) the Omori-Utsu models that obtained based on KOERI and AFAD databases (n refers to the daily number of the events).
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KOERI and AFAD resulted in similar c- and p-values, see the
legends of Figure 3D.

COMPILATION AND PROCESSING OF
GROUND MOTION DATASET

The Aegean Sea earthquake (30 October 2020, Mw 6.9) has provided
an extensive set of ground motion records from four different
networks operated by the Ministry of Interior Disaster and
Emergency Management Presidency (AFAD), Boğaziçi
University’s Kandilli Observatory and Earthquake Research
Institute (KOERI), National Observatory of Athens Seismic
Network (HL) and ITSAK Strong Ground Motion (HI). The raw
accelerograms recorded within 200 km of the re-calculated
epicentral distances have been meticulously examined and the
unqualified records, which contain data gaps within seismic event
duration, have been rejected. The KOERI data have been received in
count format and then converted to raw accelerations via sensitivity
factors acquired from the KOERI-RETMC website. AFAD and
NOA’s unprocessed acceleration data are also accessible through
their official websites. After adjusting the baseline of the
accelerograms, we applied a fourth order band-pass Butterworth
filter to the data by keeping constant low-pass filter frequency at
20 Hz. By visually inspecting each velocity and displacement time
history, which are calculated based on trapezoidal numerical
integration, the high-pass filter frequencies have been detected on
a record-by-record basis. With several minor exceptions, the
specified high-pass filter frequencies range from 0.1 to 0.2 Hz.
For ITSAK, we could only access the processed data whose
selected high-pass filter frequency varies from 0.05 to 0.22 Hz.
However, to provide uniformity in the database, these records
have been adopted based on a specified low-pass filter frequency.
It should be noted that while all stations yield EW (East-West) and
NS (North-South) components of the ground motions, the
horizontal components of SAMA and SMG1 recordings are in

the direction of N225°/N135° and N42°/N312°, and have been
converted to conventional EW (fault-parallel) andNS (fault-normal)
directions via coordinate transformation.

200 horizontal and 99 vertical components - since vertical
component of only the 3,518 station (AFAD) has been labelled
as an unqualified record-of accelerograms from 100 strong ground
motion stations in Greece and Turkey within 200 km of epicentral
distances have composed the final database for the 30 October
Aegean Sea earthquake. There is a good spatial coverage of stations
to the East and North of the epicentre (which aremostly operated by
the AFAD), and SMG1 and SAMA stations to the South of the
epicentre provide a good opportunity to evaluate the significant
strong ground motion parameters. There is a lack of stations to the
West of the epicentre however. A dataset for the two largest
aftershocks (30 October 2020, Mw 5.1 and 31 October 2020, Mw

5.0) has been also generated, similarly to the mainshock records so
that they could be further evaluated.

Figure 4 illustrates the spatial distribution of the mainshock and
aftershock epicentres, as well as stations triggered by the events. This
figure also categorises the strong ground motion stations which
recorded only the main event, based on their Joyner-Boore distances
(Rjb), which is the closest distance to surface projection of the rupture
plane. In this study, the fault geometry proposed by Kiratzi et al.,
2021 has been used in the calculation of the Joyner-Boore distances.
This study suggests a rupture plane with 32 km subsurface length
and 15 km down-dip width. The top of the fault rupture is located
approximately 0.5 km deep beneath the seafloor according to the
selected fault geometrymodel. The finite faultmodel of aftershocks is
not available in the literature. That’s why, the Joyner-Boore distances
have been empirically estimated by using the approach of Harmsen,
C. in Petersen et al., 2008. The fault dimensions have been calculated
based on Wells and Coppersmith, 1994. The network-based
distribution of Rjb for the mainshock is also assessed in Figure 4.
Although most of our data has been acquired from AFAD, the
closest stations to the fault rupture projection such as SAMA, SMG1
and GMLD are from NOA and ITSAK in the South and KOERI in

FIGURE 4 | (Left) Epicentres of the events with the surface projection of the mainshock rupture model proposed by Kiratzi et al. (2021) and spatial distribution of
recording stations. (Right Top) The statistical distribution of Rjbs. (Right Bottom) The distribution of the average shear wave velocities of the stations for the upper 30 m
depth (Vs,30) with the mean values of each class for the mainshock.
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the North, respectively. The site categorisation of Eurocode 8 (EC8)
(Eurocode, 2004) is used to determine the soil conditions of the
stations based on the average shear wave velocities of stations
for the upper 30 m depth (Vs,30) (Figure 4). Vs,30 values of the
stations are mainly supplied by the networks; however, the
USGS topography-based Vs,30 map (Allen andWald, 2007) has
been used for a few stations. Askan et al., 2021 stated that the
Vs,30 values of SAMA and SMG1 stations have been updated
based on the Vs,30 measurements after the mainshock, and
these updated values are considered within our calculations.
The majority of the stations are deployed in the sites with soil

class B (360 m/s < Vs,30 <800 m/s) with a mean value of 550 m/
s. Soil Classes C and D (33% of stations) have been combined
into one class due to the lack of data in soil class D.

GENERAL EVALUATION OF ENGINEERING
PARAMETERS

The source, path, and site conditions are responsible for the
generation of site-specific seismic traces at the earth’s surface,
which allows the identification of spatial variation of ground

FIGURE 5 | The variation of component-based PGA, PGV, AI and SI with respect to epicentral distances (Repi) and Vs,30 values.
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shaking effects. An earthquake’s destructiveness can be
characterized by employing simple engineering ground motion
parameters such as peak ordinates of time histories, energy-based
parameters, spectral quantities, etc. The simplest and most widely
used parameters are peak ground acceleration (PGA) and peak
ground velocity (PGV) to quantify the damage potential of
seismic excitations. PGA mostly offers meaningful information
for structures with periods of less than 0.3 s although they possess
geophysical and engineering constraints (Douglas, 2003; Boore
and Bommer, 2005). Peak Ground Velocities (PGVs) are also
feasible to afford an insight into the magnitude and intensity of an
earthquake (Akkar and Ozen, 2005). In the initial damage
identification, Arias Intensity (AI) and Housner’s spectral
intensity (SI) may also be more reliable indicators since they
take into account the whole duration of seismic shaking and
frequency content.

The initial evaluation of ground motion parameters has been
conducted by considering the epicentral distances and soil
conditions of each recorded station for both horizontal
components of the ground motions (Figure 5). The seismic
traces measured at the closest station, the SMG1 (Repi ≈
22 km), which is one of two strong ground motion stations on
Samos Island, produces the largest PGA and PGV of 232 cm/s2

and 25 cm/s in the converted NS component, respectively. Also,
the SAMA station, which is deployed on a relatively stiffer soil
(Vs,30, SMG1 ≈550 m/s < Vs,30, SAMA≈840 m/s), 250 m away from
SMG1, and results in a PGA of 156 cm/s2 and a PGV of 14 cm/s in
the NS component. The PGA and PGV values of the nearest
station (GMLD) in Turkish territory, which is North of the
epicentre with Repi ≈ 23 km, produced 209 cm/s2 and 20 cm/s
ground motions in the NS component. The largest peak
amplitudes of these stations, which are settled on the
perpendicular orientation to the fault, occur on the fault-
normal component. The direction dependency of the
parameters will be elaborated later in the paper. Another large
PGA (≈178 cm/s2) is recorded at the 0905 AFAD station (Repi ≈
40 km; Vs,30 ≈369 m/s), which is positioned in the EW (fault-
parallel) direction, and its PGV is compatible with the others at
similar distances. In contrast, the KUSD station, 2 km East of
station 0905 does not exhibit PGA and PGV values as large as
0905. The relatively stiffer soil conditions of the KUSD (Vs,30

≈1,052 m/s) may be the contributing factor that dampens the
station peak amplitudes.

A data cluster with relatively high PGAs and PGVs may
compel one’s attention to the intersection of low Vs,30 and
moderate distances (Repi ~ 60–70 km). It is detected that all
stations, in this cluster are from the İzmir Basin, where the
most catastrophic earthquake-induced consequences occurred.
The PGV from the NS component in station 3519, which is
settled on the softest soil conditions in the İzmir Basin, surpasses
the peak velocities of the closest stations (GMLD and SAMA).
Additionally, stiff soil stations (Vs,30 ≈ 800–900 m/s) in the İzmir
Basin allow for comparison with soft soil peak amplitudes. When
comparing soft (3513; Repi ≈ 70 km; Vs,30 ≈ 196 m/s) and stiff
(3514; Repi ≈ 72 km; Vs,30 ≈ 836 m/s) soil stations in Bayraklı (one
of the most damaged districts), PGA (PGAEW,3513 ≈ 94.5 cm/s2

and PGANS,3513 ≈ 106.5 cm/s2) and PGV (PGVEW,3513 ≈ 14.5 cm/

s and PGVNS,3513 ≈ 17.1 cm/s) of soft soil records are determined
to be roughly double in the EW direction and triple, even fourfold
in the NS direction, than that of the stiff soil station (PGAEW,3514

≈ 56.3 cm/s2, PGANS,3514 ≈ 39.2 cm/s2, PGVEW,3514 ≈ 6.0 cm/s
and PGVNS,3514 ≈ 4.3 cm/s). This finding may be indicative of the
soil amplification in the Basin.

Arias intensity (AI), which is a ground motion energy
parameter computed as the integrated value of squared
accelerations, is maximum at the GMLD station, on the
hanging wall side of the fault rupture. The closest footwall
stations (SMG1 and SAMA) illustrate remarkably lower AIs.
Contrary to AIs, spectral intensities (SIs), which are the
accumulated kinetic energy in the SDOFs during ground
motion, demonstrate an approximately similar level of energy.
The expected high energy accumulation in the soft soils is also
verified by the large AI and SI values, which show a prominent
rise for the soft soils of the İzmir Basin.

COMPARISON OF GROUND MOTION
PARAMETERS WITH GMPES

The fundamental input of the seismic hazard and risk studies, and
seismic design of structural and geotechnical systems is predicated
on the estimated ground motion parameters for possible future
events. The comparison of the actual ground motion parameters
with the estimated values provides invaluable information to
improve better estimation relations and evaluation of the current
GMPEs. Several empirical equations exist that estimate ground
motion parameters depending on mainly the tectonic regime,
earthquake magnitude, source-to-site distance, soil condition, etc.
The comparison of observed results with estimated ground motion
parameters via five different GMPEs is presented in this study. Akkar
et al., 2014 (ASB14), Boore et al., 2014 (BSSA14), Kale et al., 2015
(KAAH15) and Boore et al., 2021 (BEA21) are preferred for the
comparison of peak parameters and spectral ordinates. Arias
intensities (AI), cumulative absolute velocities (CAV), and
significant durations (D5-75 and D5-95), which refers to the time
between 5 and 75%/95% of the cumulative Arias Intensity,
respectively, are compared with the GMPEs of Sandikkaya and
Akkar, (2017) (SA17). The compatibility of the fundamental
attributes of GMPE databases with the key features of the
Aegean Sea earthquake and the affected region have been the
main selection criteria of these ground-motion models. It should
be noted that the recently published regional relation, BEA21, has
been utilised from only earthquakes in Greece. The open forms of
the evaluated GMPEs are not included in the paper for the sake of
brevity, however; the main characteristics of the equations could be
found in the relevant references.

The EC8 classification is considered in the separation of the
soil classes of the stations as given previously. The mean of
each soil class is used in the computation of the estimated
ground motion parameters. Geometrical means of PGAs,
PGVs, and SAs have been calculated for both horizontal
components and compared with empirical estimations of
the abovementioned GMPEs. Also, total residuals have been
computed as follows,
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Rij � ln(GMPobserved,ij) − ln(GMPestimated,ij) � δEi + δWij (1)
Where, Rij refers to the total residual of ground motion
parameter calculated from the recording at the jth station of

ith event. GMPobserved,ij and GMPestimated,ij correspond to its
actual and estimated ground motion parameters. Also,
decomposing of the residuals provide us to obtain between-
event (δEi) and within-event (δWij) terms (Atik et al., 2010).

FIGURE 6 | Comparison of PGAs with GMPEs; Akkar et al., 2014 (ASB14), Boore et al., 2014 (BSSA14), Kale et al., 2015 (KAAH15), and Boore et al., 2021
(BEA21) for the geometric mean of horizontal components and three soil classes (R = Total residual and, solid and dashed lines refer to its mean and mean ± standard
deviations in residual graphs).
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While δEi refers to event-to-event variability and is related to
mainly source effects, δWij is mainly associated with the path and
site effects of a single event (Douglas and Edwards, 2016). Since
δEi becomes constant for a single event situation herein, δWij

may be thought to be related to the record-to-record variability.
Also, for a constant δEi, total residuals (Rij) may give an idea of
the fluctuations in the within-event variability. It should also be
noted that although we have considered average Vs,30 values for

FIGURE 7 | Comparison of PGVs with GMPEs; Akkar et al., 2014 (ASB14), Boore et al., 2014 (BSSA14), Kale et al., 2015 (KAAH15), and Boore et al., 2021
(BEA21) for the geometric mean of horizontal components and three soil classes (R = Total residual and, solid and dashed lines refer to its mean and mean ± standard
deviations in residual graphs).
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each site class in the ground motion parameter comparison plots,
the residual analyses take into account station-specific Vs,30

values to provide a more robust evaluation.
The observed PGAs and PGVs for site class A are mainly in

agreement with four GMPEs (Figures 6, 7). The scarcity of data

in this soil class does not allow for a complete assessment of the
variation of peak ordinates with distance. However, the residuals
are close to zero with several exceptions. For soil classes B and C,
there are two clear trends. The band of 60–70 km of Rjb divides
the plot into two sections with different attenuation tendencies in

FIGURE 8 | Comparison of SAs at T = 1.0 s with GMPEs; Akkar et al., 2014 (ASB14), Boore et al., 2014 (BSSA14), Kale et al., 2015 (KAAH15), and Boore et al.,
2021 (BEA21) for the geometric mean of horizontal components and three soil classes (R = Total residual and, solid and dashed lines refer to its mean and mean ±
standard deviations in residual graphs).
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the comparison with ASB14, BSSA14, and KAAH15. Beyond this
distance, the observed peak values start to degrade at a faster rate
than those predicted by GMPEs and this trend is responsible for
the increase in total residuals with the negative signs. However,

the BEA21 appears to be considerably better at representing these
two distinct patterns, and mean residuals are approximately zero.

Spectral ordinates give a useful insight into the seismic demand of
structures within different period ranges. Figures 8, 9 demonstrate

FIGURE 9 | Comparison of SAs at T = 2.0 s with GMPEs; Akkar et al., 2014 (ASB14), Boore et al., 2014 (BSSA14), Kale et al., 2015 (KAAH15), and Boore et al.,
2021 (BEA21) for the geometric mean of horizontal components and three soil classes (R = Total residual and, solid and dashed lines refer to its mean and mean ±
standard deviations in residual graphs).
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the variation of not only empirical estimations but also calculated
SAs with distance for the periods of 1.0 and 2.0 s. At first glance, it
seems that all calculated SAs are within the range of median ± 2σ
except for the several values from distant stations. In soil class A, the
sparse data hamper a reliable evaluation, however; three stations at
about 60 km of Rjb, located in the İzmir Basin, exhibit relatively
larger observed SAs than all GMPEs’ estimations at T = 1 s. As for T
= 2 s, SAs of the Basin stations seem to approach the median lines.
For soil classes B and C, SAs at T = 1 s are mainly overpredicted by
three GMPEs (ASB14, BSSA14 and KAAH15) while estimations of
BEA21 give smaller values than observed spectral attributes with the
positive mean residuals. Furthermore, at greater distances, observed
SAs tend to attenuate slightly faster than median lines of ASB14,
BSSA14 and KAAH15, similar to the peak ground motion
parameters. Although the median lines of empirical equations
(except for BEA21) are higher than the observed SAs at T = 2 s
with negative mean residuals, a distinctive attenuation pattern after
60–70 km distance cannot be readily recognized. On the contrary, in
the case of BEA21, the estimated SAs at T = 2 s are in accordance
with observed SAs with approximately zero mean residuals. Similar
to PGA and PGV, BEA21 captures the variation of attenuation
beginning at 60–70 km of Rjb in both periods. This attenuation
change in these distances may be associated with regional
implications. Furthermore, the soft soil (soil class C) records of
the İzmir Basin, mostly damaged area, produce larger SAs, especially
at the period of 1.0 s and nearly reaches the 97.8 percentile line.
However, at the period of 2.0 s, spectral ordinates of these records
come close to median again.

As previously stated, the higher SAs of the İzmir Basin stiff soil
stations (3511, 3514, and 3520, see Figure 8) at T = 1.0 s return to
the median lines at the period of 2 s. It should also be noted that
their PGAs -zero period spectral acceleration-are also close to the

median line. This finding has motivated us to compare the
spectral accelerations of these stations with GMPEs through
the greater range of periods for the mainshock and the two
largest aftershocks. Figure 10 shows the response spectra of the
EW and NS components of the station records and GMPEs’
results. As seen in the figure, the peak of response spectra for the
observations shifts towards the longer periods compared to the
empirical predictions. As a result, the SAs are underpredicted
within a specific period range by estimated median lines. Beyond
these periods, the SAs are slightly overpredicted for the
mainshock. Although similar evaluations are valid for the
aftershocks, the difference between the GMPE and the
observed peak periods are not as pronounced as much as the
mainshock, probably due to the lower long period content of low-
magnitude earthquakes. The period of the peak is closer to the
period of the empirically estimated maximum in the aftershocks.
High SAs unexpectedly observed in longer periods may raise the
seismic demand of structures with respective periods, therefore
this enigmatic behaviour of stiff soils is crucial.

The rise in long period content of both soft and stiff soil
records has also motivated us to investigate the predictive
capability of GMPEs of two cumulative intensity parameters
(AI and CAV), which consider the whole duration of the
ground motions and are mainly associated with the
potential damage, and significant durations (D5-75 and D5-

95). Figure 11 compares ground motion parameters of
measured data with the estimated values of the SA17. The
first significant result is that these plots verify the 60–70 km
limit, at which attenuation exhibits different features. It is clear
that the AIs and CAVs are highly estimated for soil classes A
and B with mainly negative mean residuals. However, SA17
yields slightly more robust estimations for significant

FIGURE 10 | Variation of observed SAs and GMPEs with period for Rjb = 58.4 km and Vs,30 = 846 m/s [Akkar et al., 2014 (ASB14), Boore et al., 2014 (BSSA14),
Kale et al., 2015 (KAAH15), and Boore et al., 2021 (BEA21)].
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durations, which vary majorly between the 16th and 84th
percentile estimations. It is also worth noting that any
distinctive feature of AI, CAV, and duration parameters of
both stiff and soft soil recordings in the İzmir Basin are not
detected.

EVALUATION OF SOURCE DIRECTIVITY
AND AZIMUTHAL IMPACTS

The largest amplitudes, according to Somerville et al., 1997, are
more intimately correlated to the fault-normal direction than the

FIGURE 11 | Comparison of AIs, CAVs, and significant durations with the equation of Sandikkaya and Akkar, (2017) (SA17) for the geometric mean of horizontal
components and three soil classes.
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fault-parallel direction due to strong S wave radiation. Therefore
we check the congruity of the time-varying particle motions of
velocity traces with the direction of the causative fault orientation
proposed in the literature. Figure 12A demonstrates the polar

resultant velocity trajectories of the four closest stations (GMLD,
0905, SAMA and SMG1) with their three-component time
histories. The velocity particle motions (especially that of
GMLD on the hanging wall) move in the NS direction (fault-

FIGURE 12 | (A) Velocity particle motions in polar coordinates and three-component velocity time histories of closest stations, (B)Variation of path-corrected
residuals with source-to-station azimuth angles (Black squares refer to the means of 20-degree slices with their standard deviations).
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normal) and display a robust agreement with the perpendicular
direction to the strike, proposed by several studies and earthquake
agencies summarized in Supplementary Table S1. This relatively
strong velocity polarisation of GMLDmay be associated with up-
dip directivity. The velocity paths of other closely located stations,
SAMA and SMG1, which are settled in the South of the fault
rupture (footwall part), indicate a relatively slight correlation
along the fault-normal (NS) direction. Dissimilarly, the
recordings of the 0905 station do not demonstrate a clearly
identifiable polarized velocity path, however, strong velocity
amplitudes tend towards a westward direction. Although
GMLD and SMG1 display slightly impulsive velocity traces in
the NS direction, it is hard to explicitly point out directivity effects
in the ground motions.

These inferences have also prompted us to delve into the
implications of azimuths on ground motion parameters. To
investigate azimuthal effects, the variation of path-corrected
residuals with source-to-station azimuth, which is the
clockwise angle between North and the direction vector drawn
from source to station, has been examined. We constructed path-
corrected residuals by subtracting the mean of bins with 10 km
intervals from each residual value. The mean and standard
deviations of path-corrected residuals for each 20-degree
azimuth segment have been computed to better understand
the azimuthal tendency. Figure 12B demonstrates that the
residuals diminish from North to South (in a clockwise
direction/towards the east). In the North, the residuals of SA
(T = 0.4 s) range from 0.04 (at BEA20) to 0.07 (at ASB14) while
these residuals reduce to about -0.3 at 150° azimuth for all
GMPEs. The SAs with a period of 4 s, on the other hand, have
similar values (about -0.2) at both 10 and 150° azimuth with some
fluctuations between these two angles. In other words, this
direction-dependent reduction in SAs begins to disappear as
the periods increase. It is difficult to determine a definitive
judgment for the west side of the epicentre since there are not
enough stations within the Aegean Sea. However, several distant
stations are located on Greek Islands within this azimuthal range
in our database and they result in larger residuals which represent
the higher amplitudes than their predicted values. This inference
corroborates the statement of “the possibility of a predominantly
westward with less eastward directivity” highlighted by Ganas
et al., 2021, Kiratzi, et al., 2021 and Taymaz et al., 2022.

CODE SPECTRA COMPARISON

The last seismic provision of Greece, EAK 2003 (EAK, 2003)
incorporates the currently used official seismic hazard map. For
Samos, PGAs with a 10% probability of exceedance in the next
50 years (475 years of mean return period) are labelled as Seismic
Zone II with 0.24 g (≈235 cm/s2) in this seismic zonation map.
The resultant PGAs recorded in the SMG1 station (≈245 cm/s2)
and SAMA station (≈176 cm/s2) are slightly greater than the
expected PGA value of the zonation map. The currently used
Turkish seismic code published in 2018 and enforced in 2019
offers georeferenced based ground motion parameters (PGA,
PGV and SAs) for earthquake levels with several specified

return periods instead of a conventional seismic zonation map.
The superiority of the earthquake hazard map is corroborated by
comparing the observed resultant PGAs and PGVs with those of
the earthquake hazard map for design basis earthquake (475 years
of return period) in Figure 13A. This comparison holds for up to
200 km from the epicentre. All observed values are below the map
peak values. However, it is worth noting that the PGVs of the
close-to-intermediate-distanced stations seem to be similar to the
map values.

We have explored whether all acceleration responses are
compatible with the expected earthquake elastic design spectra
of outdated and currently used seismic codes in Greece and
Turkey. First, all acceleration responses within the 200 km
epicentral distances have been compared with the elastic
design spectra. The stations, which are closest to the epicentre
and deployed in soft soils, yield relatively larger responses and
only their results are presented in Figure 13B.

Since 2012, EC8 is employed with EAK2003 as the seismic
design code in Greece (Nikolaou and Gilsanz, 2015). Both seismic
codes provide typical elastic response spectra for four different
soil types. However, in the EAK2003’s design spectrum, the
plateau corresponding to the highest spectral acceleration only
expands to higher periods in softer soils without taking soil
amplification into account while EC8 considers the soil
amplification by using a constant soil factor, which provides
the variation of the level of elastic response spectra equally over all
periods. The top row of Figure 13B shows the comparison of
elastic pseudo-spectral accelerations for both horizontal
components of SMG1 and SAMA, which are the closest
stations in Samos, with EAK2003 and EC8 (for Type 1
Earthquake) design spectra for 5 percent damping ratios. At a
period of around 0.5 s, both horizontal component records attain
their highest SAs and surpass the design spectra of all soil types in
EAK 2003. Although EC8 design spectra feature the soil
amplification effects, the NS component of SMG1 exceeds the
design spectra regardless of the soil classes and its EW component
seems at the limit of the corresponding soil class (SCB). The SAs
of the SAMA station also exceed the EC8 design spectrum
corresponding to soil class A around T = 0.5 s. This finding
indicates that the measured Aegean Sea earthquake spectral levels
of SAMA and SMG1 stations are not met by the design conditions
of both codes, particularly for medium-rise reinforced concrete
buildings. This may explain the level of damage in the region.

The elastic response spectra of ground motions from GMLD
and 0905 stations, which are the other two close stations to the
epicentre in the North and West, respectively are compared with
two less stringent Turkish outdated codes (1975 and 2007) and
the current 2018 seismic code. Before proceeding with the
evaluations, it is beneficial to give an approximate equivalence
of the soil classes of three Turkish seismic codes to provide
readers with a general overview. While the soil class I and 1 of the
1975 and 2007 seismic regulations (Ministry of Public Works and
Settlement, Government of Republic of Turkey, 1975; 2007),
respectively, encompass the is based on uniform shear wave
velocity soil class A and B of the 2018 seismic provision
(Ministry of Public Works and Settlement, Government of
Republic of Turkey, 2018), the other soil classes can be
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considered roughly equivalent for all three earthquake codes. It
should be reminded that soil classification in 1975 seismic code is
based on uniform shear wave velocity while 2007 and 2018 TSCs
consider Vs,30 values in the soil categorisation. However, this
equivalency is partially acceptable for a general evaluation.

Similar to SAMA and SMG1 stations, the NS component of
the GMLD station demonstrates a peak value at around 0.6 s,
while the EW component reaches the peak at shorter periods (T ≈
0.2 s). Both components at the aforementioned periods exceed
the design spectra of the 1975 seismic code for all site classes.
Also, SAMA and SMG1 stations show a small peak at this period
but it is not as large as the value of the GMLD station. The
exceedance around 0.6 s also appears in the comparison with the
design spectrum corresponding to the soil class of the station in
2007 and 2018 seismic provisions. However, no heavy damage is
recorded except for several lightly damaged buildings in the area

(Aktas et al., 2022). Spectral accelerations of the NS component at
station 0905 deployed on a site with a Vs,30 value of 369 m/s on
the fault-parallel (EW) alignment, surpassed the design spectra of
only 1975 seismic provision. However, the station KUSD of
KOERI, which is 2 km away from the 0905 station and on
extremely stiff ground (Vs,30 ≈ 1,052 m/s), produces lower
spectral accelerations (SAmax = 142 cm/s2 at T = 0.2 s).

A similar comparison has been conducted for two selected
stations (3513 and 3519) from the most damaged areas in the
İzmir Basin. Given that mostly reinforced concrete buildings were
constructed after the 1990s in the region, the comparison with
outdated design spectra may give an insight into the reasons for
the damage. However, Figure 13B indicates that the response
spectra of ground motions seem to have good agreement with all
design spectra, even those recommended by the 1975 seismic
regulations. Therefore, this question should be posed; what are

FIGURE 13 | (A) Comparison of 475 years return period PGAs and PGVs recommended by Turkey Seismic Hazard Map (TSHM) with geometrical mean of
observed values, (B) Comparison of the acceleration response spectra of the recorded ground motions at the closest stations and the most damaged areas against the
design spectra recommended in EAK2003 and EC8 seismic codes for Greece and 1975, 2007 and 2018 seismic codes for Turkey).
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the reasons for the collapsed buildings in the İzmir Basin?
According to Erdik et al. (2020), poor compliance with seismic
regulations and inadequate construction inspections may be the
primary reasons for the destruction.

It should be highlighted that the flat portion of the Soil Class D
design spectrum in the 2018 seismic code begins at lower periods
but finishes at the periods around when SAs of the 3513 station
record tend to display steadiness. In other words, the observed
response spectra tend to shift to longer periods. Additionally, the
flat region in the design spectrum is narrower than that of the
observed spectra. It should be noted that this phenomenon does
not give an insight into the damage in the region for this
earthquake but may exert an important influence on the
future design of the buildings within these period ranges. This
incompatibility between code and response spectra has prompted
us to investigate their spectral shapes of both mainshock and two
largest aftershocks more deeply particularly for İzmir Basin. The
comparison of PGA-normalised acceleration response spectra for
two soft soil (3513 and 3519) and two stiff soil (3514 and 3520)
stations with normalised 475-years return period 2018 TSC
spectra are given in Supplementary Figure S1. The
normalised spectrum of a recording (station 0905) outside the
İzmir Basin is also provided in the same figure to make the
comparison more comprehensible. For mainshock record of the
station 3513, the normalised spectrum is higher than the
corresponding code spectrum along a wide period range
between 0.3 and 2.3 s. At station 3519, which is deployed on
the softest soil in the database, normalised spectrum exceeds the
code spectrum in a shorter period interval between 0.7 and 1.7 s.
This inadequacy of the code spectrum might be attributed to soil
amplification in this type of soft soils. However, interestingly, the
normalised spectra of stiff soil records (stations 3514 and 3520) in
the İzmir Basin exhibit higher values than the code spectrum in a
similar period range like the soft soil recordings. Moreover, the
code spectrum is below the normalised response spectrum along a
narrower period range between 0.1 and 0.3 s at 0905 station,
which is deployed on medium-stiff soil outside the İzmir Basin.
These findings corroborate the previously mentioned argument
that stiff soil recordings in the İzmir Basin are richer in terms of
long period content than those from outside the Basin. Also,
similar implications can be reached for the smaller magnitude
(MW5.1 and MW5.0) aftershocks over a shorter period range.
Furthermore, nine RC buildings collapsed in the Bayraklı and
Bornova districts, which resulted in the majority of the casualties
and losses and it should be emphasize that the number of storeys
in seven of those ranges from seven to eleven (Aktas et al., 2021).
Herein, it should be emphasized that the structural period of the
buildings at this height fall within the period range where the
observed normalised SAs exceed the code spectrum.

The preceding discussions explicitly evidence the site effects in
the İzmir Basin. For the sake of integrity throughout all
evaluations, horizontal to vertical spectral ratios (HVSR)
(Nakamura, 1989) are also computed for S wave portions,
whose Fourier Amplitude Spectrum (FAS) has been smoothed
by Konno-Omochi window (window bandwidth = 40)
(Supplementary Figure S1). The frequency dependent
amplification of soft soil recordings (stations 3513 and 3519)

are immediately apparent in the relatively low frequency range,
particularly at 0.3 and 1.5 Hz. For the stiff soils (stations 3514 and
3520), although a slight bumpmay be detected around 0.4 and 1.0
Hz, this increase is not accepted as exact evidence for the soil
amplification of stiff soils. The more detailed evaluations for the
mainshock-induced soil implications in the İzmir Bay can be
found in the study of Cetin et al. (2022).

EVALUATION OF DURATION IN TERMS OF
3D RESPONSE SPECTRUM CONCEPT

The duration of earth-shaking is another notable feature
characterising the ground motion. Past earthquake experiences
provide valuable information on the effect of duration on
structural damages (Bommer et al., 2004). There are many
different definitions of strong ground motion durations, which
have been developed using considerably different methodologies
(Bolt, 1973; Trifunac and Brady, 1975; Perez, 1977; Sarma and
Casey, 1990; Bommer and Martínez-Pereira, 1999). We have
utilised the concept of 3D velocity response spectra proposed by
Safak (1998) since this methodology considers the groundmotion
duration together with the structural response. 2D response
spectrum is constructed by combining the largest absolute
peaks of SDOFs’ responses to ground motions. The study
proposes to add a third axis showing the subsequent largest
peaks. Furthermore, a new intensity measure is defined
analogously to spectral intensity. Instead of the area under the
velocity response spectrum, the volume of the 3D response
spectrum is calculated to consider the duration of the
assessment of structural damage.

The 5% damped 3D velocity response spectra and associated
volumes have been computed for all recordings of the mainshock
in our database. The maximum peak number has been restricted
to 20 to establish a feasible comparison among ground motion
records. We compared the volume of 3D velocity response
spectra (VolSv) with the conventional Housner’s spectral
intensity (SI) to account for the variation of duration effects
on a record-by-record basis. The period interval of 3D response
spectra has been chosen as 0.1–2.5 s, similar to Housner’s
intensity definition. The ratio of the VolSv to SI, which
represents the unit volume per area, has been calculated and
normalised to the maximum of the ratio for both EW and NS
components of the ground motion. This normalised ratio refers
to a geometric parameter which relatively denotes the duration
implications. The contribution of the duration, i.e., secondary
peaks, is maximized if this normalised ratio equals 1. However, it
does not offer insight into the level of intensity measures. The SI
and VolSv values are also normalised to their respective
amplitudes at the minimum value of VolSv/SI ratio and
plotted with respect to the normalised VolSv/SI ratio, to make
the effect of duration easily identifiable (Figure 14A).

The first insight from Figure 14A is that the effect of the
secondary peaks do not considerably change the normalised
VolSv and SI level in both component records of the spatially
close stations. In the EW direction, GMLD becomes a reference
station with the minimum value of normalised VolSv/SI ratio for
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the normalization and SMG1 and SAMA follow it. Another less
affected significant group by the duration is the stiff soil
recordings (stations 3511, 3514 and 3520) of the İzmir Basin.
While a similar trend is valid for the NS component of the close
stations. The NS components of the stiff soil recordings are more
prone to secondary peaks of the ground motion. The effect of
duration is also prominent in the soft soil recordings (stations;
3513, 3518, 3519 and 3521) of the İzmir Basin. When compared
with the SI, the volume of 3D response spectra exhibits a higher
energy release in these recordings. Despite being located outside
the edge of the İzmir Basin, the soft soil station 3526 (Vs,30 ≈
200 m/s) is another recording influenced by the duration. The
previous discussions give an insight into whether the secondary
peaks, and therefore duration, decrease or increase the energy
level of the ground motions. The 5% damped 3D velocity
response spectra of four significant station records are also
illustrated in Figure 14B. The continuity of the high-

amplitude secondary peaks is easily detected in the soft soil
recordings (stations 3513 and 3519). In contrast, the relatively
sharper decay of GMLD and SMG1 recordings is especially
explicit in the NS component.

COMPARISON OF DAMAGE INDICATORS

Numerous ground motion parameters such as peak ordinates,
SAs, intensity measures, etc. which represent the different
features of the ground motions, may be correlated to identify
the potential destructiveness of the earthquakes. Until here, this
study has focused on a detailed evaluation of widely used ground
motion parameters. In light of our previous results, we have made
an approximate evaluation of the relation between the spatial
distribution of the several ground motion parameters and the
damaged sites. In addition to AI, SI and VolSv, which take into

FIGURE 14 | (A)The variation of normalised Housner’s spectral intensities (SI) and the volumes of 3D velocity response spectra (VolSv) with the normalised ratio of
VolSv/SI, (B) 3D velocity response spectra (5% damped) of the recorded ground motions at the closest stations (GMLD and SMG1) and most damaged areas (3513 in
Bayraklı–soft soil in the most damaged area) and 3519 in Karşıyaka–station on softest soil in the database).
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account the frequency content of the strong ground motion
traces, the specific referential energy r(t) and the damage
factor, JI proposed by Fajfar et al. (1989) and Benedetti et al.
(2001), respectively, are also utilised.

The specific referential energy, r(t) considers both
acceleration and velocity traces as defined in Eq. 2. Bommer
et al. (2004) point out this parameter as indicative, especially for
the detection of the damage of medium-to-long period structures
(usually T > 0.4 s).

r(t) � ∫t

0

∣∣∣∣ag · vg∣∣∣∣dt (2)

In which, ag and vg refers to ground acceleration and velocity
with the time interval of dt and total duration of t. For the similar
period range of structures, the damage factor, JI (Eq. 3) also yields
a good correlation with the damage according to the same study.

JI � PGV ·D0.25
s (3)

Where, PGV and Ds correspond to peak ground velocity and the
significant duration proposed by Trifunac and Brady, (1975). JI
has been calculated for both D5-75 and D5-95.

To identify whether the normalised geometrical mean of the
aforementioned six ground motion parameters yields a good
spatial correlation with the structural damage due to the
mainshock, their positional distributions are roughly generated
as illustrated in Figure 15. The observational damage dispersion
of the earthquake is comprehensively elaborated in Aktas et al.,
2022. The study particularly underlines the building and
infrastructure damage densified in Bayraklı and Bornova
districts (Repi≈70 km, İzmir Basin) in Turkey and the northern
part of the Samos (Karlovasi, Kokkari and Vathi) Island in
Greece. SI and damage parameters, JI,75 and JI,95 in Figure 15
seem to verify the observed damage distribution in the region.

However, they give remarkable values in only the North-West of
the Samos Island since the interpolation is conducted based on
only two ground motion recordings of station SAMA and SMG1
stations deployed in the North-West of the Island. While the
volume of the 3D velocity response spectra (VolSv) captures the
most destroyed region (Bayraklı and Bornova) in Turkey, it yields
lower values in the North-West of Samos. Similarly, the specific
referential energy, r(t) does not provide any significant value in
the destructed sites of Samos Island; however, it provides higher
values in the most damaged region in Turkey. The AI regards
only ground acceleration in its definition and in the Bornova and
Bayraklı district, in which the earthquake-induced consequences
are the most severe, the AI does not provide large values. As
mentioned in Bradley, 2015, the correlation of Arias intensity
with spectral acceleration reduces with the increase in the
vibration period. So, we can say that AI may be a cumulative
high-frequency ground motion intensity measure and a better
damage indicator for the short-period structures. That’s why
contrary to the SA, AI may not detect the damages of
medium-rise structures (7–11 storeys) mainly destroyed in the
Bayraklı and Bornova region (see Figure 15).

CONCLUDING REMARKS

The 2020, MW 6.9 Aegean Sea earthquake has been evaluated
through the well-distributed strong ground motion networks
in the region. The limited number of strong ground motion
stations in Samos Island hinders the meaningful correlation
between the consequences of the earthquake and the related
ground motion parameters. The NS (fault-normal direction)
recording of the spatially closest station SMG1 produces the
strongest PGA and PGV of 232 cm/s2 and 25 cm/s,
respectively. The lower peak values of the SAMA station

FIGURE 15 | Positional distribution of the normalised geometrical mean of several damage indicator ground motion parameters (AI, Arias Intensity; SI, Spectral
Intensity; VolSv, Volume of 3D velocity response spectra, r(t), Specific Referential Energy, JI,75 and JI,95, damage factor based on significant durations, D5-75 and D5-95,
respectively).
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located at a similar distance can be explained by its stiffer soil
conditions. It is important to note that the PGV at the softest
soil station in the İzmir Basin, located 70 km from the
epicentre, produces higher values than the closest stations
(GMLD and SAMA). This high PGV may be accepted as a
preliminary indicator for damage in the İzmir Basin. The
largest AI and SI, on the other hand, are discovered in the
NS component of station GMLD’s recording, which is
positioned on the hanging wall site. In addition to the high
peak amplitudes of the stations on the soft soils and
intermediate distances (mainly İzmir Basin stations), large
energy accumulations are also observed. The estimation
power of the GMPEs is investigated through the
comparison of predictions and actual values of ground
motion parameters as well as residual analyses considering
the specific soil conditions and distances of the data points.
The GMPEs of Akkar et al., 2014 (ASB14), Boore et al., 2014
(BSSA14), and Kale et al., 2015 (KAAH15) showcase similar
patterns and offer larger values for distances greater than
60–70 km from the surface projection of the rupture. For
distances greater than 70 km, the faster attenuation is also
visible in the comparison plot of AI, CAV, and significant
durations with the GMPE of Sandikkaya and Akkar, (2017).
Moreover, this faster attenuation after 70 kmmay be attributed
to the regional influences since this attenuation variation is
captured by only the region-specific derived GMPE, BEA21.
However, BEA21 majorly gives smaller median estimations at
T = 1 s while the other three GMPEs yield greater SAs.
Nevertheless, in the İzmir Basin, in which earthquake-
induced structural collapses occurred, both soft and stiff
soil SAs at T = 1 s yield larger values than all GMPEs’
estimations. The variation of spectral accelerations of stiff
soil records in the İzmir Basin has been calculated through
a set of periods for the mainshock and the two largest
aftershocks, and the period corresponding to the maximum
estimated SA appears to remain at smaller values when
compared to the observed data. These high spectral
accelerations in the unanticipated higher period range may
raise the seismic demand of structures with similar periods, so
this behaviour of stiff soils is noteworthy. For the closest
stations, high values of the fault-normal (NS) particle
velocities provide a consistent match with the fault plane
solutions in the recent literature. This direction based high
values is remarkably pronounced in the station GMLD, which
is located on the hanging wall part. The variation of path-
corrected residuals with source-to-station azimuths unveils a
systematically North-to-South reduction of residuals in the
East of the epicentre. Although the limited data precludes us
from making any definite conclusions, we discern a greater
residual tendency westward of the epicentre. Actual PGAs of
the mainshock appear to be lower than 50% of the PGAs
provided by both Greek and Turkish seismic codes, with a 10%
probability of exceedance in 50 years; however, spectral
accelerations of closely located stations (SAMA, SMG1 and
GMLD) surpass both obsolete and contemporary code design
spectra. Unexpectedly, the acceleration response spectra of soft
soil ground motions in the İzmir Basin yield lower spectral

accelerations than all code design spectra. On the other hand, it
is worth remembering that the high level of spectral
accelerations of the measured response spectra extends to
longer periods than those of the design spectra. Moreover,
the spectral shape incompatibility between normalised
response spectra for soft and stiff soil recordings in İzmir
Basin and normalised 475-years return period TSC2018
(Ministry of Public Works and Settlement, Government of
Republic of Turkey, 2018) spectra validate the former
argument. Additionally, HVSR amplitudes of soft soil
recordings (station 3513 and 3519) in the İzmir Basin imply
soil amplifications in the relatively low-frequency range
(0.3–1.5 Hz). The 3D response spectra concept highlights
the large energy release in the soft soil recordings as a
result of the contribution of secondary peaks, i.e., duration
of ground motion when compared to the spectral intensities.
The spatial comparison of SI, VolSv, JI and r(t) captures
damages in the Bornova-Bayraklı region, the most damaged
area in Turkey. On the other hand, the lack of stations on
Samos Island hinders the comprehensive evaluation of the
ground motion parameters with observed damages on the
Island. The enhancement of the station network on Samos
Island would benefit future evaluations of potential seismic
events, especially given the tectonic regime and many regional
active faults that surround Samos.

DISCUSSION

This study offers a comprehensive assessment based on strong
ground motion recordings of 30 October Aegean Sea earthquake,
which occur in a complex tectonic structure and high seismically
active area, accompanied with damage observations from the
EEFIT reconnaissance mission. The variation in basic but robust
ground motion parameters such as peak ground amplitudes,
spectral ordinates, AI, CAV, SI and duration parameters, with
distance from the earthquake and soil conditions enable us to
roughly assess the earthquake-induced damage. As expected, the
closest stations to the epicentre have the highest values of
acceleration-based parameters, whereas similar or even higher
values of velocity-based parameters (PGV, SI, VolSv, r(t), JI,75 and
JI,95) with nearby stations to the epicentre are resulted in the
Bayraklı and Bornova region (Repi ≈ 70 km), where mid-rised RC
buildings collapsed, causing fatalities and losses.

The selection of the most compatible GMPE to the region will
undoubtedly be an essential component in the seismic hazard and
risk assessments that will be conducted for the region. The faster
attenuation of observed ground motion parameters beyond the
60–70 km band are not captured by ASB14, BSSA14 and
KAAH15, which includes earthquakes from various regions in
their databases. BEA21, on the other hand, which is entirely
generated based on Greek earthquakes, appears to be compatible
with this distinct attenuation. This circumstance clearly indicates
that local-based estimation of ground motion parameters will yield
more realistic results. In both soft and stiff soil stations in İzmir
Basin, the highest spectral accelerations are detected at longer
periods than those estimated empirically. This phenomenon
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could be a sign of the regional feature peculiar to the İzmir Basin. The
influence of secondary peaks in the 3D velocity spectrum, which
accounts for the duration of the earthquake, is similar to soft soils,
notably in the NS components (fault-normal direction), probably
due to the unexpectedly high period content of stiff soil recordings in
the İzmir Basin. Furthermore, both soft and stiff soil records produce
substantial spectral accelerations beyond the flat part of the current
TSC spectrum. Although the observed response spectra seem lower
than the 475-years return period TSC spectra released in 1975, 2007,
and 2018, the comparison of the PGA-normalised spectra reveals
that the mismatch between the shapes of the code and observed
response spectra. Given all of the preceding, it is worth noting that
the distinct behaviour of stiff soils in the Bayraklı and Bornova region
poses an essential design concern. Furthermore, all these findings
point to the need for a comprehensive site investigation and regional
studies, particularly in the İzmir Basin.
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