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ABSTRACT

The paper considers the earthquake in Samos on October 30, 2020 and the subsequent tsunami.
Based on the data on both intensity of the earthquake and localization of the epicenter of the
earthquake and aftershocks, taking into account the tectonic setting for this region, where active
tension and shear deformations coexist, two possible sources of the earthquake were considered.
Virtual sources have been constructed along the fault zone north of Samos. Using the keyboard
model of the earthquake, the optimal kinematic movements of the keyboard blocks in the
earthquake source were found, which most adequately describe the generation of the tsunami source
and the propagation of tsunami waves to the coastal zone. 3D histograms of the distribution of the
maximum wave heights along the coast were constructed and compared with the available field data
and data from other authors.
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1. INTRODUCTION

The Eastern Mediterranean Sea is one of the most seismically active areas, including the
Aegean Sea and Western Anatolia. The cause for this activity is the movement of the Anatolian
block towards the Aegean Sea. The expansion rate of the Earth's crust between Samos and Western
Anatolia (the wider region of Izmir) is 7.4 mm/yr based on GNSS data simulations [1-6]. Seismic
activity is mainly focused on normal faults, which are formed due to the active expansion of the
West Anatolian plate in the southern and northern directions (white arrows in Fig.1). Active parts of
the North Anatolian fault act as a source of strike-slip faults in the North Aegean Sea, which are
located up to the island of Samos [11]. The earthquake on Samos on October 30, 2020 occurred in
the region between the eastern islands of the Aegean Sea and Western Turkey, where there is an
active tectonic regime (Fig.1) [1-6]. The available mechanisms of earthquake sources clearly

confirm the coexistence of deformations along the coastal region of Western Anatolia and the
Aegean Sea [5,6,11,38,40].

Fig. 1. Tectonic Map of Western Anatolia Region and the Aegean Sea [5, 6]. Yellow arrows
indicate the motion of tectonic plates. The blue arrow points to the Samos Island. The red asterisk
corresponds to the epicenter of the October 30, 2020 submarine earthquake.

The occurrence of large earthquakes in the 21st century and the associated tsunamis in the
Mediterranean Sea is a great danger [39]. Turkey is crossed by large fault lines (see Fig.1), and is
among the most earthquake-prone countries in the world [41-43]. For example, on August 17, 1999,
off the coast of the Sea of Marmara in Turkey, there was an earthquake of magnitude M = 7.5. This
earthquake caused great destruction, affecting even part of Istanbul. The tsunami that emerged after
the earthquake (wave height 2.9 meters) hit the coastal areas of Turkey and led to their flooding
[2,3].

It is well known that densely populated coastal areas in the Aegean Sea have been subject to
several devastating tsunamis in the past (see, e.g., Altinok & Ersoy, 2000; Altnok et al., 2011;
Ambraseys, 1962; Ambraseys & Synolakis, 2010; Dominey-Howes, 2002; Galanopoulos, 1960;
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Kuran & Yalciner, 1993; Minoura et al., 2000; Papadopoulos & Chalkis, 1984; Papadopoulos et al.,
2014; Soloviev et al., 1997; Tinti et al. 2001) [5,6]. The most famous tsunami in the region is the
1956 Amorgos event (M ~ 7.8), which caused waves up to 25 m high (Beisel et al. 2009; Okal et al.
2009; Papadopoulos & Pavlides, 1992; Papazachos, 1985; Yalciner et al. 1995) [5,6]. On October
30, 2020, a strong earthquake with a magnitude M = 7.0 occurred in the Aegean Sea, which was felt
both in Greece and in Turkey [1,2, 21-23]. This earthquake epicenter was located north of the island
of Samos in the area of the North Samos fault or the Kaistrios fault (Greece), with coordinates
(37.88 N, 26.70 E) [5]. Initial estimates of magnitudes by various agencies ranged from 6.6 to 7.0
and the epicenter near (37.8919N; 26.8066E) [6,24]. The event with a magnitude of M = 7.0 slightly
exceeds the maximum value expected for this subduction zone. Historical archives do not indicate
an event of this magnitude on one or another local fault in the last 19 centuries (since 47 AD) [11-
14]. Figure 2 shows a map of the water area with the epicenter of the earthquake and aftershocks, as
well as the fault zone during the earthquake of October, 30, 2020 in the Aegean Sea [1-6].
26" 27"
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Fig. 2. Map of aftershocks and the epicenter of the earthquake on October 30, 2020. Samos, Greece.
Bold red line north of Samos is the fault line [6]

As is known, aftershocks usually occur in the same fault or close to it at a distance of about twice
the length of the fault zone, and the location of aftershock epicenters covers the zone of rupture of
the main shock. It follows from the distribution of the aftershock sequence (Fig.2) that the fault
occurred during the main shock M = 7.0, located off the northern coast of Samos Island. This fault
in the region of Western Anatolia and the Aegean Sea can be identified as an oblique subduction
zone [11].

Both countries experienced high tidal waves that led to flooding in parts of the Izmir
coastline. The earthquake-triggered tsunami struck many nearby coastal areas. According to
available materials, the water first receded from the coast, then soon the water returned, flooding
low-lying coastal areas up to 1-2 meters high, including many coastal cities [5,6].
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The tsunami generated by this earthquake was recorded in both Greece and Turkey [1]. The tsunami
occurred as a sequence of sea level sink and surge [5]. The results of field studies following this
event, carried out by a team of researchers along the 110 km coastline, demonstrated “... a
significant tsunami impact. The maximum tsunami height in the area of pp. Kaleici in Sigacik was
2.3 m, ” [5]. The results of this field study provide insight into the impact of near-field tsunamis on
the coasts of the Aegean Sea.

In this work, based on both data on the intensity of the earthquake and the localization of the
epicenter of the earthquake and aftershocks, taking into account the data on the subduction zone [1-
6] (Table 1), two possible model sources of the earthquake were constructed.

Table 1. Parameters of the earthquake of October 30, 2020 in the Aegean Sea [6]

Earthquake Magnitude 7.0M

Depth 21 km

Lat/Lon 37.9175, 26.7901

Event Data 30 Oct 2020 11:51 UTC
30 Oct 2020 13:51 Local

The two-block and three-block earthquake sources located along the fault zone running to the
north of the island of Samos are considered. Using keyboard model of the earthquake [27], which is
briefly described in the next section, the optimal kinematic movements of the keyboard blocks in
the earthquake source were found, which most adequately describe the generation of the tsunami
source and the propagation of tsunami waves to the coastal zone.

2. ANALYSIS OF THE TSUNAMI SOURCE GENERATION MECHANISM

It is well known that the strongest earthquakes occur in fault zones, which are clearly visible
on the bathymetric map (Fig.2), where the earthquake in question occurred. Since a strong
earthquake as a result of the rapid movement of the seabed triggers a tsunami over its source zone,
the vertical component of the dynamic displacement of rocks (schematically represented by the
keyboard blocks) gives the displacement at the ocean surface, i.e. a tsunami source is formed [25].
The formation of a tsunami is influenced by the nature and dynamics of displacements in the zone
of the earthquake source [26]. To compute the generation of tsunami waves, as a rule, seismic data
are used, which make it possible to determine the orientation of the rupture in the source and the
energy of the tsunami (see, for example, [44]).

b)
Fig. 3. a) Schematic representation of the frontal part of the island arc; b) Keyboard model of the
blocks structure in the frontal part of the island arc [27].
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In this paper, we consider the final fault with parameters obtained on the basis of the data given in
[5]. The earthquake source is considered within the framework of a simplified keyboard model of
the subduction zone [27]. Figure 3 shows a schematic representation of the block structure of the
frontal part of the continental slope and the interaction of its main elements with the driven plate
and with each other [27]. In Fig. 3a, one can see transverse faults - ruptures and movements in the
source of tsunamigenic earthquakes. Figure 3b shows a model image of a subduction zone - a
keyboard model of an earthquake source [27].

Since the question of the mechanism of the seismic source for an earthquake is still open
[25], then setting the source mechanism from tectonic considerations, and using the Wells formula
[33], based on the magnitude of the earthquake of a given event, we get an opportunity to calculate
approximate data on the length of the rupture in the source and the width of the rupture plane. The
vertical component of the wave surface displacement above the source of the earthquake is found
via the lida formula (see, for example, [26]). Thus, using formulas (1) and (2), the characteristics of
the seismic source and the displacement of the water surface above the source of the earthquake
were obtained (Table 2).

lg L (km)=0,59 M—2,44+0.16
1g W (km)=0,32 M —1,01+0.15
lg(H,m)=0,8M —5,6+0.4

' (1)

(2)

where M is the magnitude of the earthquake, L is the length of the rupture in the source (km), W is
the width of the rupture plane (km), H is the maximum height of the vertical displacement of the
water surface above the seismic source (m). Since the processes occurring in the seismic source
during a strong earthquake (up thrust or fault) are ultimately recalculated into vertical displacement,
then, due to the hydrodynamic problem under consideration, with an instantaneous piston
movement, the ocean surface will rise by the same amount as the block at the bottom [26].
Depending on the speed of movement of the keyboard blocks in the seismic source, various
scenarios for the formation of a tsunami source on the water surface can be realized. Using (2), the
estimated displacements of the Earth's crust in the earthquake source were obtained (see Table 2).

Table 2. Characteristic parameters of the earthquake source and displacement of the Earth's
crust in the source during the earthquake on October 30, 2020 in the Aegean Sea.

Parameter Characteristic parameters of
earthquake 10.30.2020
Magnitude of the earthquake 7
The length of the rupture plane (km) 34
Width of the rupture plane (km) 12
Water surface displacement (m) 1,2

So, for the earthquake under consideration at M = 7, the approximate values of the size of the
earthquake source obtained by (1) and the maximum displacement height in the earthquake source
of about 1.2 m found by (2) are used to simulate the generation of the tsunami source and further
propagation of waves across the water area.

Figure 4 shows the water area under consideration with the marked epicenter of the earthquake and
aftershocks of the first day of the earthquake, as well as with points located on the continental and
1sland coasts of the water area, where tsunami waves were recorded.
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Fig. 4. The considered water area, the epicenter of the earthquake and aftershocks of the first day of
the earthquake on October 30, 2020 in the Aegean Sea. The red dots mark the position of the virtual
tide gauges.

3. MATHEMATICAL FORMULATION OF THE PROBLEM

To consider the process of generating tsunami waves in the keyboard model of a seismic source and
their propagation over the water area, we will use the shallow water equations (see, e.g. [35]). The
geometry of the problem is shown in Fig. 5. The schematic sketch at the bottom is presented in the
form of a rectangular keyboard block, height B (x, y, f) and transverse dimensions, limited by the
vertical sides of the rectangle; a is the angle of inclination of the shelf to the horizon, Ly, is the
shelf length [28-32].

z

I necy,t) = y

T e ey

Fig. 5. Schematic representation of wave generation.

In 2D case, the system of nonlinear shallow water equations can be written as [35]
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here u (x, y, t), v (x, v, t) are the velocity components, / (x, y, t) is the disturbance of the free surface,
H (x, y) i1s the depth of the basin, B (x, y, ¢) is the change in the bottom of the basin (taking into
account the characteristics of the dynamic seismic source), g is the acceleration of gravity. In this
work, B(x, y,t) is the function describes the sequential movement of the keyboard blocks. The

modeling of such a process in the earthquake source, which would most fully correspond to possible
movements occurring in the vicinity of the earthquake source in the first minutes after the onset of
the earthquake, is considered.

4. NUMERICAL SIMULATION

From the set of difference schemes approximating Egs. (3), the numerical scheme of Sielecki
and Wurtele was taken [34], modified for computation the generation of a long wave by a dynamic
underwater source, which has a second order of approximation. The paper presents two possible
scenarios for the realization of the movements of the Earth's crust in the seismic source during the
earthquake of October 30, 2020 in the water area of the Aegean Sea.

SCENARIO 1

In Scenario 1, a virtual earthquake source is considered, segmented into 2 blocks, located
along the island zone where the earthquake occurred. Based on the data obtained on the earthquake
source size (Table 2), as well as the data on the localization of the epicenter of the earthquake and
aftershocks [6] and also, taking into account the tectonic setting for this region, where active tension
and shear deformations coexist [5], the bathymetry of the considered water area there were built two
possible sources of the earthquake. Figure 6 shows a bathymetric map of the computed water area.
The red line outlines the virtual seismic source of the earthquake, segmented into 2 blocks. The
burgundy line marks the fault line during the earthquake of October 30, 2020 in the Aegean Sea.
Blue dots mark points on the coast for which there is documentary data on the tsunami run-up.

Table 3 shows the characteristics for the kinematic motion of two blocks in the earthquake
source. The movement begins with the first block, moving vertically upward for 15 s to a height of
1.2 m. 5 s after the beginning of the movement of the first block, the second block begins to move
vertically downward at a distance of 1m, the movement occurs for 10 s, and ends simultaneously
with the rise of the first block. Then, after 3 s, the same block is shifted upward to a height of 0.8 m.
The total movement time of the blocks is 24 s [6].

Table 3. Characteristics of the kinematic movement of blocks for Scenario 1.

Block number 1 1 1

Start time (5) 0 5 15

Final time of movement (5) 15 10 6
| Height of movement (m) 12 -1 0,8
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Fig. 6. Schematic representation of a two-block earthquake source on October 30, 2020 in the
Aegean Sea (Scenario 1). The bold red line is the fault line. Blue points indicate localization of 8
points under consideration on the coast.

Fig.7-9 show the simulation results for Scenario 1. Fig.7 shows the generation of the tsunami
source. Since, due to the incompressibility of the liquid and the hydrostatic pressure, the ocean
surface will rise by the same amount by which the block at the bottom has been displaced [26],
then, according to the parameters of Table 3, panel 1 (Fig. 6) shows the displacement of the water
surface when the first block rises. 5 s after the start of the movement, block 2 begins to move
downward, which corresponds to the displacement of the wave surface above the second block
(panel 2). The movement of block 2 ends in 10 s simultaneously with the stop of block 1. Aftera 3 s
delay, block 2 begins to move upward, which leads to an upward shift (panel 4). Thus, the source of
the tsunami, i.e. displacement of the wave surface, is formed in 24 s, after which the wave
propagates over the sea area.
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Fig. 7. Generation of a tsunami source during the implementation of Scenario 1
for four time points.
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Figure 8 (panels 1-8) shows the position of the wave fronts. It is clearly seen that after about
2min 30s (panel 1) waves with a height of 1.25m reach the Samos Island.
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Fig.8. Propagation of wave fronts in the implementation of Scenario 1
for eight time points.

After Smin 50s (panel 2), the wavefront reached the coastal city of Urkmez. For 7 min 30 s
(panel 3) a wave with a height of 1.06 m reached the city of Ahmetbeyli, and after about 10 min and
50 s, the front reached the largest city on the coast - Kusadasi 1.2 m (panel 4). At 17.5 min, we see a
height of about 1.31m in the area of the city of Zeytineli (panel 5). In 27.5 min in the coastal town

of Alacati, the height reached 0.92 m (panel 6).
, >1.5
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Fig. 9. Distribution of maximum wave heights over the water area during
the implementation of Scenario 1.
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Figure 9 shows the distribution of the maximum wave heights over the entire computed area.
The distribution of the maximum wave heights clearly shows that the most dangerous areas are
near-field points, namely the island, the cities of [zmir and Kusadasi. Fig.10 shows a 3D histogram
of the distribution of the maximum heights of tsunami waves along the coasts of the computed
water area. It can be seen that the maximum wave height in the area of Kusadasi does not exceed
0.6 m. On the island of Samos, heights vary from 0.6 to 1.7 m from west to east. On the coast of the
city of Urkmez, the maximum wave height reached 1.3 m, but decreases towards the Pamudjak
beach to 0.5 m.

37.80°

Fig. 10. 3D histogram for a two-block source in the implementation of Scenario 1.

It should be noted that the observed maximum wave heights near the coast, which are closer
to the source, are many times higher than those located at more distant points from the earthquake
source.

SCENARIO 2

In Scenario 2, a virtual earthquake source is considered, segmented into 3 blocks, located
along the fault zone where the earthquake occurred. It can be seen that the arrangement of the
blocks follows the line of the oblique subduction zone (Fig. 11). Table 4 shows the characteristics
for the motion of three blocks in the earthquake source. The movement begins with the second
block, moving vertically upward for 15 s to a height of 1.2 m in 15 s. 5 s after the start of the
movement of the first block, the third block begins to move upward at a distance of I min 15s. 5's
after that, the third block begins its downward movement by 0.8 m in 14 s. The total movement
time of the blocks is 24 s [6].

Table 4. Characteristics of the kinematic movement of blocks for Scenario 2.

Block number 2 3 1
Start time (5) 0 5 10
Final time of movement (s) 15 15 14
Height of movement (m) 12 1 0.8
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Fig. 11. Schematic representation of the three-block source of the earthquake on October 30, 2020
in the Aegean Sea. The bold red line is the fault line. Blue points indicate localization of 8 points
under consideration on the coast.

The computation results for a three-block source are shown in Figures 11-13. In Fig. 12 it
can be seen that, according to the dynamics of the movement of blocks in the earthquake source:
first, block 2 moves up, then, 5 s after the beginning of the movement of the first block, block 3
begins to move and then, block 1 moves down (Table 4), occurs displacement of the water surface
above the blocks and the formation of a tsunami source.
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Fig. 12. Generation of the tsunami source in the implementation of Scenario 2 for 4 time points.
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Figure 13 shows the propagation of wave fronts in the implementation of this scenario over
the computed water area.
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Fig. 13. Propagation of wave fronts in the implementation of Scenario 2 for 6 time moments.

It is clearly seen that after about 1 min 25 s (panel 1) waves with a height of 1.31 m reach the
Samos Island. After 3 min 25 s (panel 2), the wave front reached the coastal town of Urkmez 1.65
m. At 11:40 a.m. (panel 3) a wave with a height of 1.26 m reached the city of Ahmetbeyli, and after
about 23:20 min the front reached the largest city on the coast - Kusadasi 1.14m (panel 4). At 36:40,
a height of about 1.0 m is seen in the area of the city of Zeytineli (panel 5). At 55:50 the wave
reached the entire coastline, in the coastal town of Alacati the height reached 0.6 m (panel 6).

Figure 14 shows the 3D distribution of the maximum wave heights along the coasts of the
considered water area. It can be seen that the most dangerous areas are near-field points, namely the
island of Samos, the cities of Izmir and Kusadasi. The maximum wave height in the area of
Kusadasi does not exceed 0.5 m. On the island of Samos, heights vary from 0.5 to 1.8 m from west
to east. On the coast of the city of Urkmez, the maximum wave height reached 1.03 m, but
decreases towards the Pamudjak beach to 0.36 meters. The observed maximum wave heights near
the coast, which are closer to the source, are many times higher than those located at more distant
points from the source of the earthquake.
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Fig. 14. 3D histogram for a three-block source in the implementation of Scenario 2.

Fig. 15 shows data from virtual tide gauges when computed according to Scenario 2. It is
clearly seen that the first displacement on tide gauges corresponds to the character of the tsunami
wave run up to this point (see, for example, [5,6]).
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Fig. 15. The virtual tide-gauge records for points 1-8 (Scenario 2).
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5. COMPARISON OF COMPUTATION RESULTS WITH REAL DATA AND DATA OF
OTHER AUTHORS

Table 5 shows a comparison of computed data with real ones taken from work [6]. It is
clearly seen that the results of the first computation (Scenario 1) for a two-block source are rather
far from real data. Taking into account the presence of an oblique subduction zone (see Fig. 5, red
fault line), the earthquake source was considered in more detail describing this fault zone (see Fig.
10). Using the available characteristics of the earthquake and manifestations of tsunami waves at
specific points on the coast (see, for example, [6]), a number of scenarios for the kinematic
movement of blocks in the earthquake source of this form were considered, one of which is given in
this work (Scenario 2). The results of numerical simulations for Scenario 2 show a closer agreement
with field data than for Scenario 1. Some difference between arrival times observed is due to
problem with location of real and virtual tide gauges in computations and real event. Moreover, the
arrival time in several points was estimated during post-event field survey only from eyewitness
accounts and photos.

Table 5. Comparison of computation results with documentary data.

Real data on Wave height at | Wave height
Point wave height on 3m isobate at 3m isobate
the beach, m (Scenario 1), m | (Scenario 2), m
1.Samos (Greece) 1.8 [24] 1.23 1.65
2.Kusadasi (Turkey) 1.5 [6] 1.05 1.06
3.Ahmetbayli(Turkey) | 1.34 [6] 1.04 1.64
4.Gumuldur (Turkey) | 1.86 [6] 1.14 1.20
5.Urkmez (Turkey) 1.68 [6] 1.16 1.24
6. Sigacik (Turkey) 1.5[e6] 1.44 1.40
7.Zeytinli (Turkey) 1.5[6] 1.24 1.31
8. Alachati (Turkey) 1.00 [6] 0.60 1.05
9.Bodrum (Turkey) 0.04 [5] 0.048 0.061
10.Kos (Greece) 0.10 [5] 0.042 0.061
11.Syros (Greece) 0.080 [5] 0.066 0.083
12.Plomari (Greece 0.075
( ) 10.0515] 0.082

The distribution of the maximum wave heights over the computation water area is clearly
seen in Figures 16 and 17, which show the data of numerical simulation according to scenario 2 and

data from [6]. It can be seen that the distribution pattern along the coastal zone is fairly close.
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Fig. 16. Distribution of maximum water surface elevations in Eastern Aegean computed
in the far-field simulations within the keyboard model of the earthquake source.
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Fig. 17. Distribution of maximum water surface elevations in Eastern Aegean computed in the far-
field simulations via NAMI DANCE [6].

6. CONCLUSIONS

The paper considers one of the strong tsunamigenic earthquakes that occurred in the Aegean
Sea in the 21st century. Using the keyboard model of the earthquake source, two variants of seismic
sources were considered: two-block and three-block sources, localized along the fault zone. Based
on the data of available tide gauge records [5] and works on the analysis of tsunami wave
manifestations on a number of coasts of the Aegean Sea [1], a dynamic process in the earthquake
source generating tsunami waves was numerically simulated. The closest results were obtained
when considering the generation of a tsunami by a three-block source (Scenario 2). The
computations were carried out up to the 3-meter isobath, which is associated with complex coastal
bathymetry and which made it possible to reduce the computation time. Since the goal of numerical
modeling is to obtain an adequate distribution of the maximum wave heights along the considered
coasts, it can be seen that the data obtained agree with this process well. It should be noted that
when modeling according to Scenario 2, for a number of points under consideration, where tide
gauge data were absent, but coastal survey data are well represented, the results obtained showed
somewhat underestimated values. However, taking into account that, when recalculated from the
isobath to the dry coast, the height of the maximum tsunami run-up may increase (see, for example,
[36,37], it can be concluded that the numerical simulation data are in good agreement with the
documented data (see Table 5).
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