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ABSTRACT

This study aims to analyse the My 7.0 normal faulting type earthquake that occurred on October 30,
2020, in Izmir-Turkey. After the earthquake, a tsunami was followed with a maximum water level of
3.8 meters in the Aegean Sea. The used method in this study is the measurement of the tsunami
faulting model parameters by using a direct procedure. The measured tsunami parameters are the
dominance period (Tq), rupture duration (Taur), and rupture duration more than 50 seconds (Tsoex) as
well as the results of the multiplication between Tq and Tsoex (TdTsoex). In this study, we used
seismogram velocity of vertical component recorded by the Global Seismographic Networks (GSN)
network stations and the GEOFON (GE) network with an epicenter distance of 0 to 40°, totaling 66
seismic stations. Based on the measurement results, the tsunami discriminants Tqur = 65.11 seconds, Tq
= 9.28 seconds, Tsoex = 1.43 and T4Tsoex = 13.27 seconds > 10 seconds (threshold). The value of the
tsunami discriminants TqTsoex that exceeds this threshold strengthens that the normal type earthquake
is the cause of the tsunami.

Key words: Normal earthquake, dominant period, rupture duration, rupture duration more than 50
seconds, tsunami faulting model.
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1. INTRODUCTION

Worldwide tsunamis caused by earthquakes are more often caused by reverse fault earthquakes
than those caused by normal earthquakes and strike-slip earthquakes. This is understandable because
the vertical displacement component of a reverse earthquake is much larger than that of a normal and
strike-slip earthquake. Large tsunamis are rarely generated by strike-slip or normal-faulting events.
This is because strike-slip faults that trigger local tsunamis may only be correlated with the size of the
localized seafloor deformation insignificantly (Gusman, et al., 2017; Lay et al., 2017). However,
records of past tsunamis initiated by strike-slips are reported as, for example, in 1906 in San
Francisco, California (Ma, et al., 1991; Thatcher, et al., 1997) and in 1994 in Mindoro, Philippines
(Imamura et al., 1995). These examples are complemented by relatively recent events in 2016 in
Kaikoura, New Zealand (Power et al., 2017; Ulrich, et al., 2019a), and in Palu on 28 of September
2018, Indonesia (Carvajal, et al., 2019; Ulrich et al., 2019b; Madlazim, et al., 2020). From the total 35
events used in the study, Madlazim et al. (2021), found that 74% (26 events of normal and strike-slip
earth quakes), have been validated to cause tsunamis, of which 11 strike-slips and 15 normal
earthquakes. Therefore, these two mechanisms can be a potential source of tsunami generation.

On the coast near the Aegean Sea, densely populated coastal areas have been affected by several
tsunamis in the past, some of them were devastating (Altinok et al., 2011; Altinok & Ersoy, 2000;
Ambraseys & Synolakis, 2010; Papadopoulos et al., 2014; Dogan et al., 2021). The most famous
tsunami in this region was the 1956 Amorgos event (My 7.8) which caused a maximum run up water
level of up to 25 m (Beisel et al., 2009; Okal, el al., 2009). More recently, the eastern Aegean Sea was
the site of two tsunamis that followed by the occurrence of earthquakes measuring My 6.3 and 6.6
respectively in June and July 2017. Both at Lesvos on 12 of June 2017 and at Bodrum-Kos on July
212020,, 2017, which was followed by a tsunami from a medium-magnitude earthquake in the region.
The latter event caused a significant impact on the southern coast of the Bodrum Peninsula in Turkey
and the Port of Kos on Kos Island in Greece (Dogan et al., 2019, 2021).

A strong earthquake that occurred on October 30, 2020, with a magnitude of My 6.6 has hit
Samos Island in Greece and Izmir Province in Turkey in the eastern Aegean. Based on information
from the Kandilli Observatory and Earthquake Research Institute (KOERI) and Anadolu Agency that
this Tsunami occurred after the earthquake and caused significant damage in Cesme and Seferihisar
Districts in Izmir and the coast of the Samos Island, and resulted in one victim and several injured
people due to the tsunami on the Turkish side. The national tsunami warning centre and tsunami
service for the North-East Atlantic, the Mediterranean Ocean Tsunami Warning System and the Ocean
Connected System (NEAMTWS), issues a tsunami warning 11 minutes after the earthquake (Dogan et
al., 2021). In this paper, we present the results of the velocity seismogram of vertical component data
analysis from the 30 of October 2020 earthquake that occurred in Izmir-Turkey to confirm that the
tsunami was caused by the earthquake. Our results include: measurement of dominance period (Tq),
rupture duration (Taur), and rupture duration more than 50 seconds (Tsoex) as well as the results of the
multiplication of Tq and Tsoex (TdTsoex). Next, we discuss the findings in this study to deeply
understand the behavior of the tsunami and its impact on nearby coastal areas.
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2. TECTONIC SETTING

The cause of the Turkish earthquake on October 30 include the many shifts in tectonic plates and
other seismic forces that play a major role in the region for frequent earthquakes (National
Geographic, 31/10/2020). An earthquake with an earlier estimated magnitude of 7 struck near the city
of Izmir in 1688. It changed the landscape so much that the surface dropped by more than a foot, and
the shaking buildings collapsed and started fires and killed up to 16,000 people. The eastern Aegean
Sea region is characterized as dominated by dip-slip extensional tectonic (Aktar, et al., 2007). The
Aegean Sea coasts of Turkey and Greece were struck by a moderate tsunami on 30 October 2020,
which was generated by an My, 7.0 normal-faulting earthquake (Fig. 1).
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Figure 1. Tectonic setting of the Aegean Sea region and the epicentral area of the 30 October 2020 Mw 7.0
earthquake. Data of epicenters and focal mechanisms belong to the United States Geological Survey (USGS)
earthquake catalogue. Green triangles show the locations of tide gauges. The blue boxes show the geographical
areas of Grid-2 (spatial resolution = 10.8 arc-sec) and Grid-3 (spatial resolution = 3.6 arc-sec), which form the

nested grid system that we used for numerical modelling of the tsunami (Heidarzadeh et al., 2021).
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These include faults trending E-W according to their area extending in the N—S direction and
showing a dextral (right-lateral) or sinistral (left-lateral) component (Emre, et al., 2011; Tan et al.,
2014; Tepe & Sozbilir, 2017). Therefore, the tsunami threat in the study area is mainly associated with
the dominant normal fault which indicates a high potential risk for the coastal area. On October 30,
2020, 12:51 UTC (14:51 local time), an underwater earthquake (Mw 6.6) occurred in north of Samos
Island, Greece, and off the coast of Seferihisar-Izmir, Turkey, with an epicenter (37.88 N, 26.70 E) at
a depth of 15 km (AFAD, 2020). More than 4600 aftershocks have occurred by the end of November
2020, 50 of them had a magnitude of My 4.0. The largest was with a magnitude of My 5.1 occurred at
16:14 (UTC), about 4 hours after the earthquake, about 10 km southeast of the epicenter at a depth of
about 7 km. From the conjugate-type aftershock distribution between the Dilek Peninsula (DP) in
Turkey and the northern Greek Island of Ikaria, about 80—100 km long rupture crack in the E-W
direction is clearly visible in four segments with visible seismic gaps. Three segments are located in
the northern part of Samos, while the eastern part of the swarm is aligned in the NNE-SSW direction,
which is parallel to the Buyuk Menderes Graben (BMG) alignment. north of Kusadasi Bay (KB) and
western part of Samos reveal a diffuse type of seismic activity (Dogan et al., 2021).

3. METHOD

There are two models of earthquake faults that have been used to explain the source of
earthquakes.

Examination of the first examine earthquake faulting model: This theory explains the
relationship between the strength (magnitude, My or seismic moment, Mo) of the earthquake source
and the fault length, L, fault width, W, slip, D and shear modulus, as written in the equation Mo =
LWD. This model inspired seismologists that Mo or My could be used as an early warning for
earthquakes and tsunamis. The use of My or Mo based on this model for earthquake early warning is
quite accurate, but for tsunami early warning it still needs to be evaluated. The second model is the
tsunami faulting model. After finding that the earthquake faulting model was not accurate for tsunami
early warning, Lomax & Michelini (2011) developed a tsunami faulting model inspired by Satake's
(1994) theory. This model provides the basis that not all earthquakes with a moment magnitude, My, >
7 cause tsunamis because tsunami events still depend on the parameters of rupture length (L) and
rupture width (W). This model also illustrates that the longer the earthquake rupture (L), the shallower
the depth (z) of the earthquake centre. This can be explained based on the relationship between depth,
density of the earth's medium and the shear modulus. The shallower the earth medium, the sparser the
density and the smaller the value of the shear modulus, so that the rupture length is greater for certain
earthquakes. The rupture length (L) is proportional to the rupture duration (Tqur). The rupture length is
difficult to be measured directly, while Tqur, Ta and Tsoex can be measured directly from a seismogram,
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so tsunami early warning is very possible by using the tsunami parameters Tauw, Ta and TsoEx.
Threshold T4 10 s, Tauw=65 s, Ts0ex, Ta*Taw= 650 s2 and Ta*Tsoex= 10 s (Madlazim, 2013; Madlazim,
et al. 2015). If the measurement results of the tsunami parameters exceed the threshold, then the
earthquake has the potential to cause a tsunami.

3.1.  Rupture Duration of P Wave (Taur)

High-frequency seismograms contain a larger number of P wave phase groups, so that the search
for earthquake rupture duration represented by P wave groups fulfills the representative requirements
in estimating the wave rupture duration for P tele-seismic earthquakes (Lomax & Michelini, 2009c).
The algorithms used to estimate the rupture duration of a regional earthquake seismogram are: (1)
providing a seismogram of the vertical component of the ground motion velocity in miniseed format
as raw data; (2) applying a 4-pole and a 5-20 Hz Butterworth band-pass filter to obtain a vertical
seismogram recording speed on HF for each Indonesian local station network; (3) converting the HF
seismogram into velocity-squared envelopes to get the rms amplitude; (4) picking the arrival time of
the P wave automatically on the HF seismogram; (5) measuring the time delay after the arrival of the
P wave for 90%(T0.9), 80%(T08), 50%(T05) and 20% (T°2) of the peak value; and (6) calculating the
rupture duration, Taur for that station by using the equation:

T = (1 =w)T% +wT02 (1)
with,

w = [(TO-8 +T95) 2 - 20] /40 s 2)

and the value of w is constrained 0<w< 1 (Lomax & Michelini, 2009a) ; (7) plot 7%.2, 705 708 T0.9
and 74, in the seismogram.

3.2.  Rupture Duration of P Wave (Tdur)

First of all, calculate the time domain (tc) by using the following equation :
n n
T, = 24 vz(t)dt/J v2(1)dt 3)
T T
(Nakamura, 1988; Wu & Kanamori, 2005: Lomax & Michelini, 2013)

With T1 = 0 seconds (P onset) and T2 = 55 seconds for tele seismic earthquake seismograms (Lomax
and Michelini, 2009). Detailed steps of 7, estimation are as follows: (1) preparing raw earthquake
data records from the vertical velocity component of broadband seismogram in a miniseed format, (2)
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applying 4-poles and a corner frequency of 0.05 Hz Butterworth band pass filter to obtain the high-
frequency, vertical component of velocity records for each seismic station; (3) picking P-wave arrival
times automatically at the high-frequency, vertical-velocity seismogram; (4) integrating the
seismogram and comparing it with vertical acceleration component of broadband seismogram times
2m of arrival times of P-waves automatically picked up from the vertical-velocity records on the high-
frequency seismogram; and (5) the final results were values of Ta.

3.3. Exceed Duration More Than 50 Seconds (Tsokx)

Tsoex estimation was carried out by using a direct procedure for tele seismic earthquakes, namely
(1) filtering the seismogram velocity of vertical component by using a high frequency (1-5 Hz)
Butterworth filter, (2) automatically picking P wave arrival times, (3) calculating rms amplitude (Ar)
and Tso, (4) calculating Tsoex which is the ratio between Tso/A; (Lomax & Michelini, 2009a).
Furthermore, the equations generated from the faulting tsunami model are integrated into the
Jokotingkir software (Madlazim, 2017).

4. FAULTING MODEL APPLICATION FOR THE 30 OCTOBER 2020 EARTHQUAKE
IN TURKEY

Measurement of three tsunami parameters from the faulting tsunami model (Tdur, Td, and Tsoex)
for the My, 7.0 normal faulting type earthquake that occurred in Turkey on October 30, 2020 by using
seismogram velocity of vertical component data recorded by 61 to 64 seismic stations on the GSN
network and GE with a regional epicentral distance of 4° to 40° as shown in Figure 2.
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Figure 2. Distribution of seismic stations on the GSN network (green) and GE network (blue) and the epicenter
of the Mw = 7 earthquake that occurred in Turkey on October 30, 2020.

Vol. 40, No. 3, page 201 (2021)



S. RESULTS AND DISCUSSION

The results obtained in this study are the results of measuring three tsunami parameters from the
tsunami faulting model (Tqu, Td, and Tseex) for the My 7.0 normal faulting type earthquake that
occurred in Turkey on October 30, 2020. From the results of the tsunami parameters calculation by
using software Jokotingkir (Madlazim, 2017) whose real time application system can be accessed at
http://predik-tsunami.unesa.ac.id/www/, the results are as shown in Table 1 below.

Table 1. Result of tsunami parameters calculation by using Joktingkir software

Tsunami Number of Used Value Threshold Decision
Parameter Station
Tdur 61 65.11 s 50s -
Ta 64 9.28 s 10s -
Ts0Ex 63 1.43 1 -
TdTs0Ex - 13.28 s 10s Tsunami

The number of stations used by each tsunami parameter is different because there are
seismograms that do not meet the minimum requirements for each seismogram recorded by these
seismic stations. Almost all tsunami parameter values exceed the threshold value, except for the
dominant period (Tq) which is slightly smaller than the threshold. For the purposes of predicting a
tsunami 4 minutes after the earthquake, Taur is represented by Tsoex because the computational Tsorx
turns out to be more accurate (Lomax & Michelini, 2013). However, the discriminant tsunami
(TdTsoex) exceeds the threshold, so it can be concluded that the My, 7.0 earthquake is a normal faulting
type. The one occurred in Turkey on October 30, 2020, was caused by the seismic energy of the
earthquake, not a landslide or others (Dogan et al., 2021). This evidence confirms that normal fault
earthquakes can cause tsunamis (Lomax & Michelini, 2013; Madlazim et al., 2021). The tsunami
caused by this earthquake can also be validated from the Tsunami Event Validity (TEV) published at
http://dx.doi.org/10.7289/V5PN93H7.

Large shallow earthquakes produce the most destructive tsunamis where the epicenter is on a
fault line along the seabed. Tectonic subduction and tectonic plate boundaries are areas that have the
most potential to cause tsunamis. These collisions of tectonic plates in these highly seismic regions
cause large earthquakes when the plates are moving and passing one another, tilting, offsetting, or
displacing large areas of the ocean floor from just a few kilometers to 1,000 or more. This sudden,
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large vertical displacement of the seabed disturbs the sea level and generates a destructive tsunami as
the water is displaced. The earthquake lifts or lowers the seabed. A tsunami can occur when an
earthquake causes a sudden vertical deformation of the seabed, displacing the overlying water from its
equilibrium position. When a reverse earthquake moves suddenly, a tsunami can be generated if it is
associated with a destructive or convergent plate boundary. This is due to the vertical component of
the movement and sudden displacement.

Movements on normal faults (normal earthquakes) can also cause seafloor displacement, but if
the ground moves from side to side, not much will happen to the water. Because the size of such an
event is usually too small to produce a large tsunami. Conversely, if the land moves up or down, it
displaces a large body of water. As the water tries to equalize itself, this displaced water will try to
adjust itself in the form of waves. Earthquakes associated with subduction zones are very effective in
generating tsunamis. Although most tsunamis are caused by underwater earthquakes, it should be
noted that not all underwater earthquakes cause tsunamis: typically, an earthquake must be greater
than 7.0 on the Richter scale in order to produce a destructive tsunami. Only from this intensity
upwards, it is enough energy released to rapidly displace enough water to create a tsunami and the
earthquake must have the epicenter near the earth's surface. The abnormally slow deformation
(represented by rupture duration, dominant period, and rupture duration more than 50 seconds) at the
earthquake tsunami source may be a manifestation of the weak zone viscoelasticity below the deep
trench boundary.

Heidarzadeh et al., 2021 described that the arrival times of the maximum tsunami wave were
up to 14.9 h after the first tsunami arrivals at each station. The duration of tsunami oscillation was
from 19.6 h to > 90 h at various tide gauges. Spectral analysis revealed several peak periods for the
tsunami; we identified the tsunami source periods as 14.2-23.3 min. The weak zone implied by large
normal earthquakes such as the October 30, 2020, Turkish earthquake and other normal earthquakes
may be the result of heating friction at the interface between boundaries of lithosphere (Kanamori,
1972). The structure here can be modeled by the thin lithosphere which is thickly lined in the weak
zone. This structure offers an explanation, via speculative one, for such a slow earthquake (rupture
duration exceeding the threshold). The thin lithosphere above the weak zone can rupture, possibly
under its own weight, causing a tsunami.

Figures 3, 4, and 5 are Schematic of a single-station, each of which describes the process of
measuring the rupture duration (Tquwr), dominant period (Tq4), and rupture duration more than 50 s
(Tsoex) processing for the 2020.10.30, My, = 7.0, Dodecanese Island, Greece earthquake recorded by
station GE.PSZ. at 11.19° GCD.
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Figure 3. Schematic of a single-station, rupture duration (Taur) processing for the 2020.10.30, My, = 7.0,
Dodecanese Island, Greece earthquake recorded by station GE.PSZ. at 11.19° GCD. Top panel represents raw,
broadband velocity and the second panel is HF seismogram. The bottom panel is showing an estimation of Tqur

= 82.69 s.
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Figure 4. Schematic of a single-station, dominant period (Tq) processing for the 2020.10.30, My =
7.0, Dodecanese Island, Greece earthquake recorded by station GE.PSZ. at 11.19° GCD. Top panel
represents raw broadband velocity. The bottom panel is showing an estimate of T¢=22.35 s.
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Figure 5. Schematic of a single-station, rupture duration more than 50 s (Tsoex) processing for the 2020.10.30,
My = 7.0, Dodecanese Island, Greece earthquake recorded by station GE.PSZ. at 11.19° GCD. Top panel

represents raw broadband velocity. The bottom panel is showing an estimation of Tsoex = 4.25 s.
6. CONCLUSIONS

Almost all tsunami parameter values exceed the threshold value, except for the dominant
period (Tq) which is slightly smaller than the threshold. For the purpose of predicting a tsunami 4
minutes after the earthquake, Taqur is represented by Tsoex because the computational Tseex turns out to
be more accurate (Lomax, A. and Michelini, A., 2012). However, the discriminant tsunami (TqTs0ex)
exceeds the threshold, so it can be concluded that the My 7.0 normal faulting type earthquake that
occurred in Turkey on October 30, 2020, was caused by the seismic energy of the earthquake. Normal
earthquakes can cause tsunamis because the thin lithosphere is thickly lined in the weak zone for very
slow earthquakes (rupture duration, dominant period, and rupture duration exceeding the threshold).
The thin lithosphere above the weak zone can rupture, possibly under its own weight, causing a
tsunami.
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