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1. Introduction
The Aegean Sea and West Anatolia are the significant 
active seismic and deformation areas in the world with the 
effect of the interaction of Anatolian, Eurasian and African 
tectonic plates since Pliocene (Bozkurt, 2001; Brun et al., 
2016; Dewey and Şengor, 1979; Jackson and Mckenzie, 
1984; Yilmaz et al., 2000; Jolivet and Brun, 2010; Kaymakci, 
2006; Sozbilir et al., 2011). Western Anatolia is defined 
by a tectonically active N-S directed extensional tectonic 
system called as West Anatolian Extensional Province 
where a few E-W trending grabens have been occurred, 
such as Gediz Graben, Küçük Menderes Graben, Büyük 
Menderes Graben and Gökova Bay (McKenzie,  1972; 
Dewey and Şengor, 1979; Jackson and Mckenzie, 1984; 
Sengor, 1987) (Figure 1). 

Several earthquakes have been occurred in the shores 
of Aegean Sea and West Anatolia both in the historical 
and instrumental period. From North to South, Lesvos 
Island, Samos Island and Kos Island which are located 

in the seismologically active Aegean Sea, present 
intensive seismic activity. Lesvos Island includes E-W 
and approximately N-S trending multiple fault structures 
(Yildiz et al., 2021). In the southern part of Lesvos Island, 
offshore of Karaburun (İzmir), Lesvos Island-Karaburun 
earthquake occurred on 12th June 2017 with a magnitude 
of 6.2 and affected a wide region (Kandilli Observatory 
and Earthquake Research Center (KOERI), 2017; Sözbilir 
et al., 2017; Briole et al., 2018; Papadimitriou et al., 2018). 
In the north-eastern of Kos Island along western of 
Gökova Bay, Kos Island-Gökova Bay earthquake ocurred 
in 21st July 2017 with Mw = 6.6 (Tiryakioğlu et al., 2017). 
Additionally, on 30th October 2020, an earthquake 
occurred with a magnitude of 6.9 between Sığacık Bay and 
the Samos Island along the Samos Fault, which is an east-
west striking and north dipping normal fault. 117 human 
beings were died, 17 buildings were collapsed and more 
than 5000 buildings were damaged with the effect of the 
earthquake in Bayraklı and Bornova districts of İzmir city 
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(Figure 1) which are 70 km far away the epicentre (Sözbilir 
et al., 2020).

The Aegean region which is seismically active and 
tectonically complicated area is divided into parts with 
a shear zone called as Western Anatolia Transfer Zone 
(WATZ) by Gessner et al. (2013). Gessner et al. (2013) 
put forward that a shear zone forming with the effect of 
tectonic erosion in the Menderes Massif by the subduction 
zone and decomposition in the lithospheric mantle and 

the lateral border between the Anatolide and Helenide 
orogenies is specified by WATZ. Dogru et al. (2017) created 
the tilt angle maps in the Aegean earthquake regime region 
and observed an important difference between 27° and 28° 
longitudes where WATZ was defined. 

According to the GNSS and microgravity studies of 
Pamukçu et al. (2015) carried out in the region between 
the years 2009–2011 where was near to the epicentre of 
the 30th October 2020 Samos earthquake (Mw = 6.9), the 

Figure 1. The simplified tectonic map of the Western Anatolia. Red stars represent theepicentres of Lesvos Island-Karaburun (İzmir) 
earthquake, Samos Island-Aegean Sea earthquake Kos Island-Gökova Bay earthquake form North to South. Dark black faults represent 
the Gediz and Büyük Menderes Detachment faults which locate near to Gediz and Büyük Menderes Grabens, respectively. GF; Gülbahçe 
Fault, OFZ; Orhanlı Fault Zone. (The figure was modified from Bozkurt (2001, 2007), Gessner et al. (2013), Çırmık et al. (2016), Çırmık 
and Pamukçu (2017)).
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engrossing results were obtained in the stations located 
near to Sığacık Bay. In the station located on the NW 
side of Sığacık Bay (Figure 1), when its velocity is found 
as lower concerning respect to other stations, its gravity 
change is found as negative. Therefore, this case was 
associated with the result of subsurface density/mass loss, 
collapse, geothermal effects, and seismic gaps, etc., in the 
region. On the other hand, in the station located north side 
of Sığacık Bay when no gravity changes were seen, high 
vertical velocity was observed and this case was specified 
with the cavity inside of the structure.

In the study of Kahveci et al. (2019), the Aegean 
region was divided into seven microplates and three 
regions according to the GNSS velocities and topographic/
bathymetric differences, respectively. The lowest amplitude 
gravity anomalies were obtained in the Western Anatolia 
graben system and its southern. Kahveci et al. (2019) 
were determined a transition zone, which was coherent 
with WATZ given by Gessner et al. (2013), between the 
longitudes 27° and 28° according to the GNSS velocities 
and major earthquake focal depth distributions. Besides, 
Kahveci et al. (2019) presented that the boundaries obtained 
from GNSS velocities, bathymetry/topography and gravity 
had high seismic activities and these boundaries are the 
borders of the microplates meanwhile. 

In this study, the seismic hazard of 3 major earthquakes 
(Samos Island-Aegean Sea, Lesvos Island-Karaburun, Kos 
Island-Gökova Bay earthquakes) in the Aegean region 
was investigated by using the variations of a and b-values 
and the structural boundaries and parameters attained 
from gravity anomalies of the study region. Seismic a 
and b-values are often used as statistical approaches to 
describe earthquake activity in a region. In this study, 
depending on whether the seismic b-value is high or low, 
it is understood how much of the seismic events occur in 
the environment (Ozturk, 2012; Öztürk, 2015; Maden and 
Öztürk, 2015). Besides, these findings were interpreted 
with the previous studies realized in the Aegean Sea and 
Western Anatolia. 

2. Applications
2.1. Gravity data analysis 
The aim of tensor analysis applied to gravity data in a field 
is to make sense of the change of gravity. For this purpose, 
the spherical free air and Bouguer anomaly maps were 
created for the zones including the Lesvos, Samos and Kos 
earthquakes occurred by using the GOCE gravity field 
model (DIR Release 4) combined with EGM2008 and the 
present global topography/bathymetry model [Earth2014 
(Rexer et al., 2016)] obtained in the study of Doğru et al. 
(2018) for the Aegean Sea and Western Anatolia. The free 
air gravity anomaly was obtained by extracting spherical 
free air gravity anomaly calculated from Earth2014 model 

to the spherical free air gravity anomaly calculated from 
GOCE DIR R4 plus EGM2008 model. (Figure 2a). Besides, 
the spherical Bouguer gravity anomaly of the region was 
obtained (Figure 2b). Accordingly, the Moho depth and 
elastic thickness changes calculated in the study Doğru et 
al. (2018) for the Aegean Sea and western Anatolia region 
were mapped and detailed in this study for the Lesvos, Kos 
and Samos earthquake zones (Figures 3 and 4). The Parker-
Oldenburg inversion method (Parker, 1972; Oldenburg, 
1974) was performed to the filtered anomalies and the Moho 
depths are obtained by the Parker-Oldenburg inversion 
method using the Bouguer anomalies. The regional Bouguer 
gravity values in Figure 2c were obtained by applying the 
20 km upward analytical extension to Figure 2b and the 
residual Bouguer gravity values in Figure 2d were obtained 
by applying the 5 km downward analytical extension to 
Figure 2b. Regional and residual Bouguer gravity anomalies 
were used to interpret both shallow and deep structures by 
many researchers (Ates and Kearey, 2000; Ates et al., 2005; 
Martín et al., 2011; Mohamed et al., 2013; Saleh, 2013).

In the flexural model, the response of the plate to 
the loading is described as effective elastic thickness 
(Watts, 2001). In the estimation studies of effective elastic 
thickness, the relationship between the topography and 
the gravity anomaly affected by underground loadings 
are used. The effective elastic thickness estimation studies 
were realized by several researchers (e.g., McKenzie and 
Bowin, 1976; Zuber et al., 1989; Hartley et al., 1996; Watts, 
2001; Luis and Neves, 2006; Pamukçu and Yurdakul, 2008; 
Pamukcu and Akçığ, 2011; Oruç et al., 2019). In the study 
of Pamukçu and Yurdakul (2008) it was presented that 
the effective elastic thickness is approximately 6 km for 
Western Anatolia. Effective elastic thickness is based on 
the principle of balancing the crustal loads by the long-
wavelength rigid region in the crust. 
As the last step of this application, the gravity tensors 
values were calculated by using tensor analysis of GOCE 
DIR R4 and EGM2008 data (Figure 5). The interpretations 
of gravity tensor maps were realized by using Figure 6. The 
gravity tensor values are calculated by using the equations 
of Bucha and Janák (2013);
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(a) (b) 

(c) (d) 

Figure 2. a) Spherical free air gravity anomaly. b) the spherical Bouguer gravity anomaly of the region. c) the regional Bouguer gravity 
anomaly (20 km upward). d) the residual Bouguer gravity anomaly of the region (5 km downward).
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𝑟𝑟.

##!"#

#$,

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄'&(𝜆𝜆) 3𝑑𝑑#,&𝑃𝑃6#'-,|&|')(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝑔𝑔#,&𝑃𝑃6#'-,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)
+ ℎ#,&𝑃𝑃6#'-,|&|*)(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B ,𝑚𝑚 ≠ 0		 
 
𝑇𝑇!.(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$,

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄&(𝜆𝜆) 3𝛽𝛽#,&𝑃𝑃6#,|&|'-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝛾𝛾#,&𝑃𝑃6#,|&|*-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B 
 
𝑇𝑇++(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

= −
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$#!$%

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄&(𝜆𝜆) 3𝑎𝑎#,&𝑃𝑃6#,|&|')(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝑏𝑏#,&𝑃𝑃6#,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑) + 𝑐𝑐#,&𝑃𝑃6#,|&|*)(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B 
 
𝑇𝑇+.(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$,

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄'&(𝜆𝜆) 3𝜇𝜇#,&𝑃𝑃6#'-,|&|'-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝜗𝜗#,&𝑃𝑃6#'-,|&|*-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B ,𝑚𝑚 ≠ 0				 
 
𝑇𝑇..(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$#!$%

(𝑠𝑠 + 1)(𝑠𝑠

+ 2) + ∆�̅�𝐶#,&

#

&$'#

𝑄𝑄&(𝜆𝜆)𝑃𝑃6#,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑) 

 

𝑇𝑇(𝑟𝑟, 𝜑𝜑, 𝜆𝜆) = N
𝑇𝑇!! 𝑇𝑇!+ 𝑇𝑇!.
𝑇𝑇+! 𝑇𝑇++ 𝑇𝑇+.
𝑇𝑇.! 𝑇𝑇.+ 𝑇𝑇..

O	. 

 
𝐿𝐿𝐿𝐿𝑔𝑔𝐿𝐿	(𝐺𝐺) = −𝑏𝑏𝐺𝐺 + 𝑎𝑎 
 
𝑏𝑏 = 𝐿𝐿𝐿𝐿𝑔𝑔-,𝑒𝑒 (𝐺𝐺 −𝐺𝐺&/#)⁄ . 

 (3)

𝑇𝑇!!(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$#!$%

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄&(𝜆𝜆) 3𝑎𝑎#,&𝑃𝑃6#,|&|')(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ ;𝑏𝑏#,& − (𝑠𝑠 + 1)(𝑠𝑠 + 2)@𝑃𝑃6#,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)
+ 𝑐𝑐#,&𝑃𝑃6#,|&|*)(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B 
 
𝑇𝑇!+(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$,

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄'&(𝜆𝜆) 3𝑑𝑑#,&𝑃𝑃6#'-,|&|')(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝑔𝑔#,&𝑃𝑃6#'-,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)
+ ℎ#,&𝑃𝑃6#'-,|&|*)(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B ,𝑚𝑚 ≠ 0		 
 
𝑇𝑇!.(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$,

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄&(𝜆𝜆) 3𝛽𝛽#,&𝑃𝑃6#,|&|'-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝛾𝛾#,&𝑃𝑃6#,|&|*-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B 
 
𝑇𝑇++(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

= −
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$#!$%

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄&(𝜆𝜆) 3𝑎𝑎#,&𝑃𝑃6#,|&|')(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝑏𝑏#,&𝑃𝑃6#,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑) + 𝑐𝑐#,&𝑃𝑃6#,|&|*)(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B 
 
𝑇𝑇+.(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$,

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄'&(𝜆𝜆) 3𝜇𝜇#,&𝑃𝑃6#'-,|&|'-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝜗𝜗#,&𝑃𝑃6#'-,|&|*-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B ,𝑚𝑚 ≠ 0				 
 
𝑇𝑇..(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$#!$%

(𝑠𝑠 + 1)(𝑠𝑠

+ 2) + ∆�̅�𝐶#,&

#

&$'#

𝑄𝑄&(𝜆𝜆)𝑃𝑃6#,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑) 

 

𝑇𝑇(𝑟𝑟, 𝜑𝜑, 𝜆𝜆) = N
𝑇𝑇!! 𝑇𝑇!+ 𝑇𝑇!.
𝑇𝑇+! 𝑇𝑇++ 𝑇𝑇+.
𝑇𝑇.! 𝑇𝑇.+ 𝑇𝑇..

O	. 

 
𝐿𝐿𝐿𝐿𝑔𝑔𝐿𝐿	(𝐺𝐺) = −𝑏𝑏𝐺𝐺 + 𝑎𝑎 
 
𝑏𝑏 = 𝐿𝐿𝐿𝐿𝑔𝑔-,𝑒𝑒 (𝐺𝐺 −𝐺𝐺&/#)⁄ . 

 (4)

𝑇𝑇!!(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$#!$%

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄&(𝜆𝜆) 3𝑎𝑎#,&𝑃𝑃6#,|&|')(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ ;𝑏𝑏#,& − (𝑠𝑠 + 1)(𝑠𝑠 + 2)@𝑃𝑃6#,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)
+ 𝑐𝑐#,&𝑃𝑃6#,|&|*)(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B 
 
𝑇𝑇!+(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$,

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄'&(𝜆𝜆) 3𝑑𝑑#,&𝑃𝑃6#'-,|&|')(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝑔𝑔#,&𝑃𝑃6#'-,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)
+ ℎ#,&𝑃𝑃6#'-,|&|*)(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B ,𝑚𝑚 ≠ 0		 
 
𝑇𝑇!.(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$,

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄&(𝜆𝜆) 3𝛽𝛽#,&𝑃𝑃6#,|&|'-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝛾𝛾#,&𝑃𝑃6#,|&|*-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B 
 
𝑇𝑇++(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

= −
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$#!$%

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄&(𝜆𝜆) 3𝑎𝑎#,&𝑃𝑃6#,|&|')(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝑏𝑏#,&𝑃𝑃6#,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑) + 𝑐𝑐#,&𝑃𝑃6#,|&|*)(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B 
 
𝑇𝑇+.(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$,

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄'&(𝜆𝜆) 3𝜇𝜇#,&𝑃𝑃6#'-,|&|'-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝜗𝜗#,&𝑃𝑃6#'-,|&|*-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B ,𝑚𝑚 ≠ 0				 
 
𝑇𝑇..(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$#!$%

(𝑠𝑠 + 1)(𝑠𝑠

+ 2) + ∆�̅�𝐶#,&

#

&$'#

𝑄𝑄&(𝜆𝜆)𝑃𝑃6#,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑) 

 

𝑇𝑇(𝑟𝑟, 𝜑𝜑, 𝜆𝜆) = N
𝑇𝑇!! 𝑇𝑇!+ 𝑇𝑇!.
𝑇𝑇+! 𝑇𝑇++ 𝑇𝑇+.
𝑇𝑇.! 𝑇𝑇.+ 𝑇𝑇..

O	. 

 
𝐿𝐿𝐿𝐿𝑔𝑔𝐿𝐿	(𝐺𝐺) = −𝑏𝑏𝐺𝐺 + 𝑎𝑎 
 
𝑏𝑏 = 𝐿𝐿𝐿𝐿𝑔𝑔-,𝑒𝑒 (𝐺𝐺 −𝐺𝐺&/#)⁄ . 

 (5)

𝑇𝑇!!(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$#!$%

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄&(𝜆𝜆) 3𝑎𝑎#,&𝑃𝑃6#,|&|')(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ ;𝑏𝑏#,& − (𝑠𝑠 + 1)(𝑠𝑠 + 2)@𝑃𝑃6#,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)
+ 𝑐𝑐#,&𝑃𝑃6#,|&|*)(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B 
 
𝑇𝑇!+(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$,

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄'&(𝜆𝜆) 3𝑑𝑑#,&𝑃𝑃6#'-,|&|')(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝑔𝑔#,&𝑃𝑃6#'-,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)
+ ℎ#,&𝑃𝑃6#'-,|&|*)(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B ,𝑚𝑚 ≠ 0		 
 
𝑇𝑇!.(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$,

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄&(𝜆𝜆) 3𝛽𝛽#,&𝑃𝑃6#,|&|'-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝛾𝛾#,&𝑃𝑃6#,|&|*-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B 
 
𝑇𝑇++(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

= −
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$#!$%

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄&(𝜆𝜆) 3𝑎𝑎#,&𝑃𝑃6#,|&|')(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝑏𝑏#,&𝑃𝑃6#,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑) + 𝑐𝑐#,&𝑃𝑃6#,|&|*)(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B 
 
𝑇𝑇+.(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$,

+ ∆𝐶𝐶#̅,&

#

&$'#

𝑄𝑄'&(𝜆𝜆) 3𝜇𝜇#,&𝑃𝑃6#'-,|&|'-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)

+ 𝜗𝜗#,&𝑃𝑃6#'-,|&|*-(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑)B ,𝑚𝑚 ≠ 0				 
 
𝑇𝑇..(𝑟𝑟, 𝜑𝜑, 𝜆𝜆)

=
𝐺𝐺𝐺𝐺
𝑟𝑟" + ,

𝑅𝑅
𝑟𝑟.

##!"#

#$#!$%

(𝑠𝑠 + 1)(𝑠𝑠

+ 2) + ∆�̅�𝐶#,&

#

&$'#

𝑄𝑄&(𝜆𝜆)𝑃𝑃6#,|&|(𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑) 

 

𝑇𝑇(𝑟𝑟, 𝜑𝜑, 𝜆𝜆) = N
𝑇𝑇!! 𝑇𝑇!+ 𝑇𝑇!.
𝑇𝑇+! 𝑇𝑇++ 𝑇𝑇+.
𝑇𝑇.! 𝑇𝑇.+ 𝑇𝑇..

O	. 

 
𝐿𝐿𝐿𝐿𝑔𝑔𝐿𝐿	(𝐺𝐺) = −𝑏𝑏𝐺𝐺 + 𝑎𝑎 
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2.2. Seismic b-value analysis
In the second application of the study, the seismic a and 
b-values were obtained by using Gutenberg-Richter law 
for 30th October 2020 (Mw = 6.9) Samos Island-Aegean 
Sea earthquake (KOERI, 2020), 12th June 2017 (Mw = 6.2) 
Lesvos Island-Karaburun earthquake (KOERI, 2017a), 
21st July 2017 (Mw = 6.6) Kos Island-Gökova Bay (KOERI, 
2017b) earthquake. The data within the scope of the study 
were taken from the catalogue of Boğaziçi University 
Kandilli Observatory and Earthquake Research Institute. 
The a and b-values were calculated for the earthquakes 
that occurred for the first 24 h and for 14 days after the 
main shock and then, the changes of the values and the 
seismicity were evaluated for each earthquake. 

Earthquake statistical analysis is an important subject 
for researchers for a long time (Utku, 2011). In the mid-
1950s, Gutenberg and Richter (1954) realized that the 
dimensional distribution of regional earthquakes could 

Figure 3. Moho depth of study area. 
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be observed around a power law over the entire observed 
sequence of events. This type of power law was called as “the 
Gutenberg-Richter frequency-magnitude distribution” 
and was developed a widely accepted empirical formula 
that decodes a relationship between the probability of 
an earthquake occurring and the two important a and 
b-values, as well as magnitudes (Gutenberg and Richter, 
1954). In the equation given below; M is the magnitude, 
N is the number of events (earthquakes) occurred in the 
region with magnitude M and greater than M (Juárez, 
2003);
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 (8)
Eq. (8) is often used to describe earthquake activity in 

a particular region. The geometric interpretation of the 
b-value is the slope of the line representing the equation. 
The a-value, also called the seismic activity parameter by 
many seismologists, is proportional to seismicity for a 
given region and is an index of seismicity (Juárez, 2003). 
As it is known, coefficient a can be interpreted as the 
seismicity value. Since the high coefficient is proportional 

to the earthquake activity in the region, the high coefficient 
expresses the earthquake intensity. The b-value can be 
determined by the least squares’ method. Evaluation is also 
possible through other statistical predictive applications. It 
was proposed for a group of earthquakes by Utsu (1965), 
with the equation;
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Here M is the average magnitude and Mmin is the 

minimum magnitude in the events group. Aki (1965) 
proved the accuracy of Utsu’s prediction equation (Eq. 
9) and it has become possible to follow the statistical 
distribution with this equation. 

Imoto (1991) reported declining b-values calculated 
based on microearthquakes prior to moderate-magnitude 
earthquakes in central and southwestern Japan. Jaumé and 
Sykes (1999) proposed that the b-value declines before 
major earthquakes can be interpreted as the accelerating 
seismic moment/energy release hypothesis. The b-value in 
a region is a tectonic parameter that allows the definition 
of stress or material (structural) conditions in the focus 

Figure 4. Elastic thickness of study area.
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Figure 5. Gravity tensors calculated from the satellite model, respectively Txx, Txy, Txz, Tyy, Tyz, Tzz.
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Figure 6. The interpretations of gravity tensors, respectively Txx, Txy, Txz, Tyy, Tyz, Tzz.
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region (Mogi, 1962). High b-values are thought to be 
an indicator of low-stress levels in a seismogenic region 
(Scholz, 1968; Wyss, 1973) and increased material 
heterogeneity or increased thermal gradient cause to 
high b-values (Mogi,1962). Conversely, low b-values are 
associated with high-stress conditions (Gibowitz, 1974). 

In this application, b-values of the Samos Island-Aegean 
Sea earthquake, Lesvos Island-Karaburun earthquake and 
Kos Island-Gökova Bay earthquake were examined. Samos 
Island-Aegean Sea earthquake occurred on 30th October 
2020 with Mw = 6.9 in the Aegean Sea between the north 
of the Samos Island and the offshore of İzmir. The focal 
depth of the earthquake is shallow and about 12 km. The 
earthquake was felt in a wide area, including the Aegean 
and Marmara regions, especially in the İzmir province and 
districts (KOERI, 2020). Lesvos Island-Karaburun (İzmir) 
earthquake occurred on 12th June 2017 in the Aegean Sea, 
South of Lesvos Island and offshore of Karaburun (İzmir) 
with the magnitude Mw = 6.2 (KOERI, 2017a). The focal 
depth of the earthquake is about 20 km and is a shallow 
earthquake. Kos Island-Gökova Bay earthquake occurred 
on 21st July 2017 with Mw = 6.6 and its focal depth is 5 km 
(KOERI, 2017b).

In this step of the application, for the earthquakes 
(1.5 < M) occurred for the first 24 h (Figures 7–9) and for 
14 days (Figures 10–12) after the main shocks, the a and 
b-values were calculated by using Gutenberg-Richter law 
(Figures 13–18, respectively). 

3. Results and Discussion
Free air gravity anomaly values present the gravitational 
gravity effect including the topographic effect. In this context, 
negative free air gravity anomalies contain the mass effects 
belonging to the collapsed region, positive free air gravity 
anomalies are related to the mass effects of the rising areas. 
Therefore, in this study spherical free air gravity anomaly 
of Earth2014 model was removed from the spherical free 
air gravity anomaly computed from GOCE DIR R4 plus 
EGM2008 model at the same topographic elevation. In the 
study area, negative amplitudes reaching –40 mgal are seen 
in the free air gravity anomaly map (Figure 2a) along 38°, 
39° and 39.5° latitudes on the Aegean Sea side. Moreover, 
negative free air gravity anomalies reaching –40 mgal are 
monitored in the land-sea interference area and on the 
land side at 38° latitude along 27° and 27.5° longitudes. 
Here, the notable issue is that the negative amplitude free 
air gravity anomaly south of the Lesvos Island along 39° 
latitude is associated with the negative amplitude free air 
gravity anomaly at 27.5° longitude on land. The alternate of 
positive and negative values in the free air gravity anomaly 
in Küçük Menderes and Büyük Menderes basins (Figure 1) 
between 37.5° and 38.5° latitudes reflect the horst graben 
property very well (Figure 2a).

When the regional Bouguer values in Figure 2c were 
examined, it was determined that the regional variation 
was between 100 and 240 mgal. It was also determined 
that this change (Figure 2c) showed a regional extension in 
the NW-SE direction. When the residual Bouguer gravity 
values in Figure 2d were examined, anomaly changes were 
found between 80 and 240 mgal. The residual Bouguer 
gravity values (Figure 2d) started from relatively high 
amplitude values in Lesvos in the south and decreased 
around Samos as it progressed towards the north, with the 
lowest value around Midilli. As a result, it is thought that 
there are differences in physical properties from south to 
north, especially in the upper crust of the marine part.

In the study field, the structural condition of the part 
including the border with the Samos Island, where the 
volcanic arc begins south of 37.5° latitude, represents quite 
differences. In other words, the North and south of the 
Aegean Sea coast, including 37.5° latitude as the border, 
show great crustal and structurally different characteristics. 
Besides, the negative amplitude free air gravity anomalies 
are remarkable seen at 36° latitude and in the north and 
south of Datça Peninsula (at 37° and 36.5° latitudes).

The zones, where Lesvos and Samos Island earthquakes 
occurred, have a regional and dominant-negative 
amplitude free air gravity anomaly in the Aegean Sea with 
a dominant normal sense character include including 
a wide collapsed mass effect. According to Lesvos and 
Samos earthquake zones, the region where the Kos Island 
earthquake occurred shows a different character. Although 
the Kos Island earthquake zone and its surroundings are 
regionally under the influence of a volcanic arc, the region 
residually shows a mass collapse character.

Additionally, Bayraklı, Bornova districts and İzmir 
Bay (Figure 1), which experienced a high mortality rate 
due to the impact of the 30th October 2020 Samos Island 
earthquake have high negative amplitude free air gravity 
anomalies (Figure 2a). This means that the area affected by 
the earthquake present a collapse basin character.

The spherical Bouguer gravity anomaly values 
calculated for the study region are presented in Figure 
2b. Bouguer anomaly contains the effect of underground 
masses that have been removed from the topography 
effect. Factors that cause the amplitude of the Bouguer 
anomaly to decrease are the thickness of the alluvium 
in the region and the physical conditions such as the 
pressure, temperature, etc., which affect the density of 
the underground structure. Bouguer anomaly values 
were evaluated regionally within the scope of this study. 
Bouguer anomaly values, which are high in the volcanic 
arc region in the South, decrease in the north or even 
though the east from the land initiative (Figure 2b). Low 
Bouguer anomaly values are observed in connection with 
the sea and land in the region between 38°–39° latitudes 
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and 27.5°–28° longitudes. Bouguer anomalies in Figure 
2b represent decreasing in anomaly amplitude values 
reflecting the physical properties of underground masses 
in the Lesvos, Samos and Kos earthquake regions and the 
existence of their terrestrial continuity. However, unlike 
Lesvos and Kos Island earthquakes in the region where 
the Samos earthquake was located, an increase in Bouguer 
gravity anomaly values along the Seferihisar Coast is 
observed on the land side in a residual sense. For the same 
region, in the study of Kahveci et al. (2019), the rising of the 
amplitudes of GNSS vectors and rationing the vectors to S 
and SW was related to the differentiation in underground 
loads and their elongations from North to South.

When the Moho depth map in Figure 3 is examined, 
the depths in the study area show a decrease from 35 km 
to 25 km towards the southwest. The zones where Lesvos, 
Samos and Kos earthquake occurred have similar Moho 
depths on average.In the volcanic zone beginning at 37.5° 
latitude, relative to the region to the north, although the 

Moho is shallow (Figure 3), the high amplitude of Bouguer 
anomaly (Figure 2b) means that there is no temperature 
effect on the underground masses in this region.

In Figure 4, the elastic thickness value of the study area 
is calculated regionally. The parts in the crust where the 
elastic thickness (Te) is relatively thick is related to the high 
rigid property. These rigid parts are seismically active parts 
(Watts, 2001; Pamukçu and Yurdakul, 2008; Pamukçu 
and Akçığ, 2011). When the distribution of Te values 
in Figure 4 is examined, it is clear that seismicity in and 
around Lesvos Island, Kos Island and Datça Peninsula will 
be greater than in and around Samos Island. Considering 
the crustal rigidity characteristics in and around İzmir, it 
is observed that this region is the seismic activity border 
within the scope of the Lesvos and Samos earthquakes.

The gravity tensor values of the study region were 
calculated for the first time in the scope of this study 
(Figure 5). The results were interpreted in Figure 6 
depending on the changes in the amplitudes of the tensors. 

Figure 7. The epicentre of Samos Island-Aegean Sea earthquake and the distributions of the aftershocks (1.5 < M)occurred in 24 h. 
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In Figure 6, Txx, Txz, Tzz tensor values show the structure 
borders which represent changes in the W-E directions 
and their alternation of positive-negative amplitude 
from North to South. The tensors confirm the W-E 
directional regional horst-graben tectonic mechanism. In 
addition, tensors show the continuity of the mechanism 
or extensions of underground structures in the marine 
part. In particular, the observation of the same amplitude 
direction and changes in the Tzz verifies that the mass and 
tectonic features in the region continue not only in the 
lateral direction, but also in the vertical direction. Figure 
6 shows that although the Tyx directional changes cannot 
make much sense, there is an important mechanism in 
this direction around Bayraklı, Bornova and the İzmir 
Bay, where the Samos earthquake caused destruction. Tyy 
(Figure 6) amplitude changes are compatible with the N-S 
extension of structural elements especially in the south of 
İzmir such as Çeşme, Gülbahçe, Seferihisar, Orhanlı fault 
zone in the region. The amplitude extension of the Tyz 
anomaly is at the location of the N-S trending Gülbahçe 
fault. In addition, Tyz shows anomalies around Bayraklı, 

Bornova and İzmir Bay, where the Samos earthquake 
caused destruction. This means that these structural 
elements have a N-S directional changing character, also 
there is mass continuity in the vertical direction. The fact 
that the anomaly around Bayraklı, Bornova and the İzmir 
Bay, where the Samos earthquake caused destruction, is 
not monitored in x-directional tensors means that there 
is no W-E directional change of the structural element 
in the region. In the results of tensor analysis (Figures 5 
and 6), it is observed that structural elements south of 
37° latitude become different with respect to North. As 
a result, these underground structures and boundaries 
with structural continuity may have the ability to transmit 
seismic movement along lines where rigidity (thickness of 
Te) increases.

According to the frequency-magnitude relation 
(Gutenberg–Richter law) a-value is found as 4.134 
and b-value is 0.5924 for the Samos Island-Aegean Sea 
earthquake and its aftershocks in 24 h (Figure 13), a-value 
is 4.2026 and b-value is 0.8102 for the Lesvos Island-
Karaburun (İzmir) earthquake and its aftershocks in 24 

Figure 8. The epicentre of Lesvos Island-Karaburun (İzmir) earthquake and the distributions of the aftershocks (1.5 < M) occurred 
in 24 h. 
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Figure 9. The epicentre of Kos Island-Gökova Bay earthquake and the distributions of the aftershocks (1.5 < M) occurred in 24 h. 

Figure 10. The epicentre of Samos Island-Aegean Sea earthquake and the distributions of the aftershocks (1.5 < M) occurred in 14 days.
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Figure 11. The epicentre of Lesvos Island-Karaburun (İzmir) earthquake and the distributions of the aftershocks (1.5 < M)
occurred in 14 days.

Figure 12. The epicentre of Kos Island-Gökova Bay earthquake and the distributions of the aftershocks (1.5 < M) occurred in 14 days. 
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h (Figure 14), a-value is 4.6624 and b-value is 0.8446 for 
the Kos Island-Gökova Bay earthquake and its aftershocks 
in 24 h (Figure 15). Additionally, the a-value is 4.877 
and b-value is 0.7432 for the Samos Island-Aegean Sea 
earthquake and its aftershocks in 14 days (Figure 16), 
a-value is 4.770 and b-value is 0.8714 for the Lesvos 
Island-Karaburun (İzmir) earthquake and its aftershocks 
in 14 days (Figure 17), a-value is 4.9586 and b-value is 
0.8711 for the Kos Island-Gökova Bay earthquake and its 
aftershocks in 14 days (Figure 18).

Considering the b-values obtained from the aftershocks 
that occurred within the first 24 h and 14 days after the 
main shock, the b-values of the Lesvos Island (0.8102 and 
0.8714, respectively) and Kos Island (0.8446 and 0.8711, 

respectively) earthquakes are close to each other. But the 
b-values (0.5924 and 0.7432, respectively) of the first 24-h 
and first 14-day earthquakes after the main shock on the 
Samos Island (Figures 13 and 16) are not close to each 
other. This means that seismic energy in the Lesvos Island 
and Kos Island regions is discharged within the first 24 h 
of the main shock, while in the Samos Island earthquake, 
energy in the region cannot discharge all its energy within 
24 h.

If the b-values of the earthquakes occurred within the 
first 24-h and 14-day (Figures 13–18) compared with the 
Moho (Figure 3) and effective elastic thickness (Figure 
4) values, it was found that the effective elastic thickness 
values were thicker in the areas where the Lesvos and Kos 
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Figure 13. The frequency-magnitude relation (Gutenberg–Richter law) for the Samos 
Island-Aegean Sea earthquake and its aftershocks in 24 h.

Figure 14. The frequency-magnitude relation (Gutenberg–Richter law) for the Lesvos Island-
Karaburun (İzmir) earthquake and its aftershocks in 24 h. 
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Island earthquakes occurred with higher b-values and 
the effective elastic thickness value was lower in the area 
where the Samos Island earthquake occurred with lower 
b-values. The lower b-values of Samos Island earthquakes 
(Figures 13 and 16) point to a crustal problem at the lower 
crust (Khan and Chakraborty, 2007; Pamukçu, 2016) of 
the region where Samos Island earthquakes occurred. 
When examining the effective elastic thickness values 
(Figure 4), the low effective elastic thickness value in and 
around Samos Island confirms that there is a problem 
in the lower crust in this region and is not supported 
by the strong lithosphere. Thus, it can be said that the 
high Bouguer anomaly value (Figure 2b) in this region 
originates from a residual source. It is pointed out that 
lower crusts of Lesvos and Kos Islands are stronger than 

Samos Island’s crust according to b-values and effective 
elastic thickness values.

4. Conclusion
The high seismic activity in and around the Aegean Sea is 
an important condition. Questions such as the probability 
of an earthquake occurring in any region and the effect 
it will create when an earthquake occurs contain an 
important parallel with the seismic activity of that region. 
The seismic a and b-values calculated in the study area 
and the seismic activity of the region constitute the main 
source for possible earthquakes. In addition, regions 
where earthquakes can be intense and the character of the 
earthquake’s path on the possible fault/fault line can be 
determined. The a and b values were obtained as 4.134 
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Figure 15. The frequency magnitude relation (Gutenberg–Richter law) for the Kos Island-
Gökova Bay earthquake and its aftershocks in 24 h. 
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Figure 16. The frequency magnitude relation (Gutenberg–Richter law) for the Samos 
Island-Aegean Sea earthquake and its aftershocks in 14 days.
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and 0.5924 for the Samos Island-Aegean Sea earthquake, 
4.2026 and 0.8102 for the Lesvos Island-Karaburun 
(İzmir) earthquake, 4.6624 and 0.8446 for the Kos Island-
Gökova Bay earthquake aftershocks in 24 h. In addition, 
the a and b-values were calculated as 4.877 and 0.7432 for 
the Samos Island-Aegean Sea, 4.770 and 0.8714 for the 
Lesvos Island-Karaburun (İzmir) earthquake, 4.9586 and 
0.8711 for the Kos Island-Gökova Bay earthquake and its 
aftershocks in 14 days. When the seismic a and b-values 
and graphs are examined within the scope of this study, 
it is seen that the character of the Samos earthquake is 
different from the others. Similarly, the fact that Te is 8 
km and below in the Samos earthquake region suggests 
that there are effective crustal factors in the compensation 

mechanism in regional isostasy. This means that the 
geodynamic activity in and around Samos will continue 
over a long geological time scale.
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Figure 17. The frequency magnitude relation (Gutenberg–Richter law) for the Lesvos Island-
Karaburun (İzmir) earthquake and its aftershocks in 14 days.

Figure18. The frequency-magnitude relation (Gutenberg–Richter law) for the Kos Island-
ökova Bay earthquake and its aftershocks in 14 days.
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