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Abstract: With the increasing rate of subduction along the Hellenic Arc in the East-
ern Mediterranean, the seismic activities of the Aegean plate and Western Anatolia have
markedly increased over the past decade. The increase in seismic activity is quite remark-
able, starting from the coasts of Canakkale in the north of Western Anatolia, including
Lesbos Island, Samos Island, Kusadas:1 Bay and Datca. In this context, in order to deter-
mine the current deformation after the Samos Island earthquake that occurred on October
30, 2020, measurements were performed at six continuous GNSS stations in and around
Izmir. This study is jointly managed by Dokuz Eyliil University, with contributions from
Konya Technical University and Atatiirk University, focusing on both GNSS and seismo-
logical analyses. The preliminary results of this investigation include the evaluation of
seismic impacts on the continuous GNSS stations from July 1st to December 31st, 2022.
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1. Introduction

With the Samos earthquake of 30 October 2020 (Mw = 6.6), it was under-
stood that the active faults in Izmir and its immediate surroundings have
the potential to produce earthquakes reaching magnitude 7 in the future.
These earthquakes are likely to be produced by active faults located near
Izmir urban settlement. Simulation studies have shown that there is a sig-
nificant amount of stress accumulation on various faults in Izmir and the
surrounding region and that the Izmir fault, which is located in the city
centre, can produce an earthquake of magnitude 6.9 (Bjerrum et al., 2013).

Izmir and its surroundings have experienced very destructive earthquakes
in historical times. Izmir and Orhanli-Tuzla Fault Zones are among the most
active faults in this area. The city centre of Izmir, located on the hanging
wall block of the Izmir fault was displaced 60 cm by the earthquake which
had a magnitude of (Mw: 6.8) in 1688 (Gok and Polat, 2014).

The study area, which includes Izmir and its vicinity, is located in a
region that deforms under the influence of expansion forces in the N-S di-
rection of Western Anatolia (Dewey and Sengor, 1979; Sengor et al., 1985)
(Fig. 1). There are Tavsanli Zone, Afyon Zone, Menderes Massif and Ly-
cian Nappes in the Western Anatolia Extension Region (Okay et al., 1996).
These zones are separated from each other by tectonic contacts. As a re-
sult of the extensional tectonics that developed during the Miocene period,
the region was divided by dip-slip and strike-slip faults and the forma-
tion of basins containing sedimentary stacks with volcanic intercalations up
to 2000-3000 metres high in the resulting deposit areas occurred (Sozbilir,
2001; Sézbilir, 2002; Bozkurt and Sézbilir 2004). These basins, extend-
ing in NE-SW, NW-SE and E-W directions, were fragmented due to the
tectonic phase that developed after the Neogene and the formation of to-
day’s Quaternary basins took place (Sozbilir et al., 2011; Ozkaymak et al.,
2013; Uzel et al., 2012). For this reason, rock groups belonging to both
the Palaeotectonic and Neotectonic periods are exposed within the borders
of Izmir province. In particular, the metamorphic rocks of the Menderes
Massif, which formed the pre-Miocene foundation of the basins, cover large
areas around Kiraz-Odemis-Tire-Torbali. The Yuntdag uplift, which crops
out between Soma and Bayrakli, is a Miocene-aged volcanic mountain ex-
tending in the NE-SW direction. Yuntdagi volcanics, which are located
along large-scale fault zones that developed in the NE-SW direction during
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Fig. 1. Geology map of study area (revised from Uzel et al., 2012).

the Miocene period, contain outlet centers that cut the Late Cretaceous-
Paleocene aged Bornova Flysch Zone (Bornova Complex) rocks. The east
and west of this volcanic mountain are surrounded by volcano-sedimentary
and lacustrine sediments of the same age.

The Izmir and its surroundings, characterized by complex geological and
tectonic features, have once again been highlighted as an area of high seis-
mic risk due to recent seismic events. These include the 2005 Seferihisar
earthquake, the 2017 Aegean Sea earthquake (offshore Izmir/Karaburun
and Lesbos Island), and most recently, the 2020 Samos Island earthquake
(offshore Izmir-Seferihisar), along with the subsequent aftershocks. These
events underscore the significant seismic hazard present in the region. Es-
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pecially due to the effect of the 2020 Samos Island earthquake, a tsunami
occurred in Seferihisar, the southern coast of Izmir. The main point of
discussion regarding this earthquake is that the buildings that collapsed
(in Bayrakli/Izmir) were located at a considerable distance from the earth-
quake’s epicentre. Earthquake waves amplify as they propagate along paths
that best accommodate their physical properties. Moreover, these waves can
increase seismic risk by activating kinematic mechanisms in the regions they
traverse. The amplitude and velocity of earthquake waves are influenced by
various factors, including the nature of the tectonic regime (compression or
tension), fault density, and the rigidity of the medium through which they
travel.

Following the Seferihisar earthquake in 2005, which left a significant mark
on Izmir and its surroundings, GNSS measurements, time-dependent gravity
and profile gravity measurements throughout Izmir, and the general kine-
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Fig. 2. Distribution of 1077 earthquakes obtained from the AFAD earthquake catalogue,
with magnitudes 2 <M < 6, occurring in Izmir and its surroundings between July 1st,
2022 and December 31st, 2022 (faults are compiled from Emre et al., 2018; Sozbilir et
al., 2020).
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matic structure in the region and the deformation character of these struc-
tures were determined before the 2020 Samos Island earthquake (Cetiner,
2012; Pamukcu et al., 2012; Pamukcu et al., 2014; Pamukc¢u et al., 2015a;
Pamukcu et al., 2015b; Cvrmak et al., 2016; Cwrmak et al., 2017a; Cirmak et
al., 2017b; Kahveci et al., 2019; Malaligi, 2019; Pamuk¢u et al., 2022). Ad-
ditionally, in the study of (Gir¢ay and (if¢i, 2021) performed in the Aegean
Sea to analyze the structure responsible for the 2005 Seferihisar earthquake
revealed that the study region possesses a highly complex tectonic mecha-
nism.

Within the scope of this study, the earthquakes that occurred in the
region between July 1st and December 31st, 2022 after the October 30,
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Fig. 3. Locations of continuous GNSS stations used in the study (reverse green triangle
shows the locations of the stations — faults are compiled from Emre et al., 2018; Sézbilir
et al., 2020).

325



Pamukgu O. A. et al.: The effects of seismic activities following. . . (321-343)

2020 Samos earthquake (Fig. 2) were examined with GNSS data of con-
tinuous GNSS stations located in and around Izmir. These are: ALIA
(Aliaga/Izmir), BERG (Bergama/Izmir), EFES (Selguk/Izmir), SFRH (Se-
ferihisar /Izmir), TORB (Torbali/Izmir) (built within the scope of this study),
DEUG (located in Dokuz Eylul University, Buca/Izmir) (Fig. 3). Addition-
ally, CES1 (Cesme, Izmir) and IZMI (Izmir city center) (Fig. 3) stations be-
longing to CORS-Tr were included in the analysis and the GNSS data were
processed with GAMIT/GLOBK software v.10.71 (Herring et al., 2018) by
using the ITRF2014 datum and the Eurasian plate as fixed.

2. Materials and methods
2.1. Analysis of GNSS data

The continuous stations ALIA, BERG, EFES, SFRH, TORB (Fig. 3) were
built within the scope of this study and started receiving GNSS data on July
1, 2022 (Fig. 4). The data between July 1st and December 31st, 2022 of
these stations, the continuous station (DEUG) located in Dokuz Eyliil Uni-
versity and CORS-Tr stations, IZMI (Izmir, City centre) and CES1 (Cesme,
Izmir) stations (Fig. 2) were processed with GAMIT/GLOBK (Herring et
al., 2018) software with the evaluation parameters given in Table 1 and the
time series were obtained (Fig. 5a-h).
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Fig. 4. View of a permanent station (TORB; Torbali, Izmir) built within the scope of the
study.
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Table 1. The process parameters of GNSS measurements.

Parameter

Parameter value

Data frequency

30 seconds

Satellite elevation angle

For data collection: 0 degrees, for evaluating

GNSS measurements: 5 degrees

Orbit information

IGS result in trajectory and ERP

Antenna phase centre
information

Phase centre model with elevation

angle-dependent weighting (PCV-antmod.dat)

Troposphere parameter

VMF (Vienna Mapping Function) model, zenith

delay parameters for each hour

Used IGS Stations for Eurasian
fixed frame solutions

IGS stations:

ANKR (Ankara, Turkey), ARTU (Russia),
ARUC (Armenia), BAHR (Bahrain),
BORI1 (Poland), CRAO (Ukraine),
DRAG (Israel), GLSV (Ukraine),

GOPE (Czechia), GRAZ (Austria),

ISTA (Istanbul, Turkey), JOZE (Poland),
KIT3 (Uzbekistan), MATE (Italy),

NICO (Cyprus), NOT1 (Italy),

NSSP (Armenia), ONSA (Sweden),

PENC (Hungary), POLV (Ukraine),
POL2 (Kyrgyzstan), POTS (Germany),
RAMO (Israel), TRAB (Trabzon, Turkey),
TUBI (Kocaeli, Turkey), VILL (Spain),
WSRT (Netherlands), WTZR (Germany),
YEBE (Spain), YIBL (Oman),

ZIMM (Switzerland), ZWE2 (Russia),
ZWEN (Russia)

Carrier wave phase
ucertainty solution method

WL (Wide Lane) and NL (Narrow Lane)
methods are used.

Correlation

All correlations between observations and
unknowns will be taken into account
(full correlation).

Result coordinate calculation

A 1 mm restriction was applied to the IGS point
coordinates to be taken as continuous in the
calculations, and the combining of different days

was done with GLOBK.
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Fig. 5. Continued on the next page.
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2.2. Study of deformation analysis

Deformation analysis is a crucial dataset for identifying of earthquake-prone
areas. In this study, the deformation was determined through the analysis
of GNSS data. In its simplest terms, deformation is defined as the change in
shape of an object due to an applied force. Depending on the magnitude of
the stress exerted, the object may either return to its original shape, undergo
permanent deformation, or even fracture (Turcotte and Schubert, 2002). In
light of this information, it is possible to predict that the recent earthquakes
in the study area created a new deformation and stress regime in the rock
units and micro-scale plates in the region. It is important for the region to
reveal the current tension and the deformation occurring. The deformation
analysis carried out within the study was carried out using GeodSuit soft-
ware developed by MDSoft (purchased within the scope of project no. DEU
2018.KB.FEN.010). The mathematical basis of this software deformation
analysis is based on (Shen et al., 1996; Aktug et al., 2009) improved this
basis by modifying it. In this way, deformation rates were calculated and
mapped using velocity and displacement data obtained from GNSS data
analysis (Malaligi, 2019).

At the crustal-scale, deformation can be described by a tensor expressed
as longitudinal change and rotational changes. In this tensor, the defor-
mation of movement in one direction in that direction or perpendicular
direction is defined as e:

o [sm Smy] . 0

Cya Eyy
In Eq. (1), E is the strain tensor.

With these approximations and using the velocity data from previously
mentioned and the other GNSS stations located in and around Izmir a
deformation map is generated for Western Anatolia and surroundings of
Izmir (Fig. 6).

3. Results and discussion

The impact of the Aegean Sea and Western Anatolia earthquakes on GNSS
locations after July 1, 2022, the date of the establishment of stable GNSS
stations in the study area, is summarized in Table 2.
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Fig. 6. The deformation map of the study area. The arrows represent strain rates (nanos-
train/yr) (faults are compiled from (red lines) Emre et al., 2018; Sézbilir et al., 2020).

The horizontal (North-East) and vertical (Up) components of the time
series of continuous GNSS stations presented in Fig. 5, which have been col-
lecting GNSS data continuously since July 1, 2023, after the Samos earth-
quake of October 30, 2020. The distribution of 1077 earthquakes (Fig. 2),
which occurred between 1 July and 31 December 2022, had a magnitude of
2<M<6 and were procured from the AFAD earthquake catalogue, were
examined together.

Considering the time series of the stations (Fig. 5), the time series of the
ALIA station located in Aliaga district of Izmir and the effect of earthquakes
can be seen in detail in Fig. 7. The earthquake that occurred on August
14, 2022 in the Aegean Sea-Kugadasi Gulf of the ALIA station affected the
North and East components of the station and caused the station to move
north and east. It was observed that the earthquake that occurred in the
Aegean Sea on September 26, 2022 had an impact on the Eastern compo-
nent of the station and caused an eastward movement in the station. It is
seen that both horizontal (North and East) and vertical (Height) compo-
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Table 2. Comparing earthquakes which occurred in the study area and its vicinity after
30th October 2020 Samos earthquake with the data of the continuous GNSS sta-
tions built in this study and the continuous GNSS stations located in the study area.
(Earthquakes were procured from AFAD earthquake catalogue (https://deprem.afad.
gov.tr/event-catalog), “x” represents the earthquake impact in the table).

Earthquake Days of the year
Date/Location/ | in the time series
Magnitude of GNSS stations
(Fig. 5)

ALIA
BERG
EFES
SFRH
TORB
DEUG
I1ZM1
CES1

14 August 2022/

Aegean Sea-
226th d.
Kusadas1 Gulf/ & X

Mw = 5.0

X
|
X
|

31 August 2022/

Aegean Sea-
243th d
Kusadas1 Gulf/ 3 R

Mw = 5.1

26 Sept. 2022/
Aegean Sea and
Izmir-Buca/
Ml=3.4Ml=3.0

269th day X - - - - X X X

4-21 Nov. 2022/ 308-325th
Izmir-Buca/ davs X X X X X X X X
Ml = 5.1 v

8 Dec. 2022/

Aegean Sea-
42th d - - -
Kusadas1 Gulf/ 3 R x x x x x

Mw = 4.0

13 Dec. 2022/

Aegean Sea-
347th d. _
Kusadas1 Gulf/ ay X X X X X X X

Mw = 3.9

nents were affected by the Izmir-Buca earthquakes between 4-21 November
2022. This earthquake caused the station to collapse by moving south and
east. It is seen that the earthquake that occurred on December 8, 2022
was effective in the Northern and Eastern components and caused move-
ment towards the south and east. It was observed that the December 13,
2022 earthquake was effective in the Northern and Eastern components and
caused movement towards the north and west.

When the time series of the BERG station located in the Bergama dis-
trict of Izmir and the effects of earthquakes (Fig. 8) are examined, the
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Fig. 7. Time series of ALIA station located in Aliaga district of Izmir and the image of the
effects of earthquakes in the region. Red arrow: 14 August 2022, green arrow: September
26, 2022, purple arrow: 4-21 November 2022, orange arrow: December 8, 2022, yellow
arrow: it represents the earthquakes that occurred on December 13, 2022.

earthquake that occurred on 14 August 2022 at the BERG station affected
the North and East components of the station and caused the station to
move south and east. It is seen that the eastern component was affected
by the Izmir-Buca earthquakes that occurred between 4-21 November 2022.
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Fig. 8. Time series of the BERG station located in the Bergama district of Izmir and
the image of the effects of earthquakes in the region. Red arrow: 14 August 2022, purple
arrow: 4-21 November 2022, yellow arrow: it represents the earthquakes that occurred

on December 13

, 2022.

With this earthquake, the station moved westward. The December 13, 2022
earthquake was effective in the North and East components and movement
occurred towards the north and west. When the time series of the EFES
station located in the Selcuk district of Izmir and the effect of earthquakes
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Fig. 9. Time series of the EFES station located in the Selguk district of Izmir and the
image of the effects of earthquakes in the region. Purple arrow: 4-21 November 2022,
yellow arrow: it represents the earthquakes that occurred on December 13, 2022.

(Fig. 9) are evaluated together, it is seen that both horizontal and verti-
cal components of EFES were affected by the earthquakes that occurred
between 4-21 November 2022 and showed a collapse movement while mov-
ing towards the south and east. It is seen that both horizontal and vertical
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Fig. 10. Time series of the SFRH station located in the Seferihisar district of Izmir and
the image of the effects of earthquakes in the region. Purple arrow: 4-21 November 2022,
orange arrow: it represents the earthquakes that occurred on December 8, 2022.

components of the December 13, 2022 earthquake were affected and collapse
occurred while moving towards the south and east. When the time series of
the SFRH station located in the Seferihisar district of Izmir and the effect
of earthquakes (Fig. 10) are evaluated together, it is seen that the northern
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Fig. 11. Time series of the TORB station located in the Torbali district of Izmir and the
image of the effects of earthquakes in the region. Purple arrow: 4-21 November 2022,
yellow arrow: it represents the earthquakes that occurred on December 13, 2022.

and eastern components of the SFRH were affected by the earthquakes that
occurred between 4-21 November 2022 and moved towards the south and
east. It was observed that the December 8, 2022 earthquake affected the
northern component and caused movement towards the south. When the
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Fig. 12. Time series of the DEUG station located in the Buca district of Izmir and the
image of the effects of earthquakes in the region. Red arrow: August 14, 2022, pink arrow:
31 August, green arrow: September 26, 2022, purple arrow: 4-21 November 2022, orange
arrow: December 8, 2022, yellow arrow: it represents the earthquakes that occurred on
December 13, 2022.

time series of the TORB station located in the Torbali district of Izmir and
the effect of earthquakes (Fig. 11) are evaluated together, it is seen that
the northern and eastern components of TORB were affected by the earth-
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quakes that occurred between 4-21 November 2022 and moved towards the
south and east. It is seen that both horizontal and vertical components of
the December 13, 2022 earthquake were affected, and movement towards
the north and west and collapse occurred in the vertical direction.

When the time series of the DEUG station located at DEU Tinaztepe
Campus in the Buca district of Izmir and the effect of earthquakes (Fig. 12)
are evaluated together with the earthquake that occurred on August 14,
2022, both the horizontal and vertical components of the DEUG station
were affected, and while movement towards the south and west was ob-
served, a collapse occurred. While the eastern component was affected by
the earthquake on August 31, 2022, an eastward movement was observed.
With the earthquake that occurred in the Aegean Sea on September 26,
2022, both the horizontal and vertical components of the station were af-
fected, and while movement towards the south and west was observed, an
elevation occurred. It is seen that both horizontal and vertical components
were affected by the earthquakes between 4-21 November 2022, causing the
station to move and rise towards the south and east. It is seen that the
earthquake that occurred on December 8, 2022 was effective in the northern
component and caused movement towards the south. It was observed that
the earthquake of December 13, 2022 was again effective in the Northern
component and caused movement towards the south.

4. Conclusions

It was observed that the stations were generally affected by the earthquakes
that occurred in the Aegean Sea-Kusadasi Gulf and Izmir-Buca between
4-21 November 2022 (Table 2), but the earthquake storm that occurred in
the region, especially in Izmir-Buca, was quite effective. When the time
series of EFES, SFRH and TORB stations were examined (Figs. 7, 8 and
9, respectively), it was observed that the vicinity of Selguk, Seferihisar and
Torbali, where these stations are located, was affected by a small number of
earthquakes. On the other hand, it is observed (in the time series of ALIA,
in Aliaga district) that ALIA is affected by almost every earthquake with
a dominant amplitude. It is seen that a similar situation is valid for the
DEUG station located in Buca, Izmir, and this station is also intensively
affected by earthquakes (Fig. 12).
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In the deformation analysis studies, it was determined that the strain-
induced deformation values at YEN1, AYVL, BERG, ALIA, DEUG, IZMI
stations in Fig. 5 were high. It is noteworthy that these situations are along
the N-S direction from the Izmir centre to the north. It has been observed
that the seismicity around the DEUG in the Buca district of Izmir has been
quite active in recent years. However, the number of earthquakes has not
increased yet in the locations where other stations are located. In this case,
the trapped energy is most likely in Aliaga and its vicinity. In the study
conducted by (Oztdrk, 2014), a combined forecast map was prepared for
possible strong earthquakes in the Western Anatolia region. According to
this study, the faults in Aliaga are also within this prediction. In the studies
conducted by (Bayrak and Tirker, 2016), the average b value of Aliaga was
found to be 1.84.

In the study which was conducted in the region (Pamukcu et al., 2021),
the seismic hazard character in the region was calculated after the earth-
quake that occurred off the coast of Samos Island, 70 km away from Izmir,
on October 30, 2020. It is stated from the graphs of these values that the
earthquake risk in the region continues. In addition, the elastic thickness
(Te) value, which is parallel to the crustal rigidity in the region, is ap-
proximately 8 km, indicating that the geodynamic activity in the region
will continue on the geological time scale (Pamuk¢u et al., 2021). When
these findings and the results in Table 2 are evaluated together, it is clear
that the seismic activity in the region has continued since the 2020 Samos
earthquake.
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