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Abstract. In the present study, an evaluation of the region-time-magnitude behaviours of the earthquake
occurrences in the West Anatolian Region (WAR), Tiirkiye, is carried out using the statistical and seis-
motectonic parameters such as the b-value of Gutenberg-Richter relation, occurrence probabilities, and
return periods of earthquakes. We also have mapped the Coulomb stress changes to observe the current
and future earthquake hazard. In recent years, several large earthquakes such as the 1919 Soma (Mw = 6.7)
and the 2022 and 2024 Aegean Sea (Mw = 5.3 and Mw = 5.1) revealed earthquake potential in the WAR.
Coulomb stress analyses of 41 local events with mostly normal fault mechanisms have shown that posi-
tive lobes (> 0.0 in bars) are mainly confined in the crust and uppermost mantle depths around Samos,
Kos, and south of Lesvos. The smaller b-values (< 1.0) are observed in the same regions. On the contrary,
we have observed a higher h-value from the offshore to onshore, south to north-trending direction, and
negative scattered stress lobes (< 0.0 in bars) in slightly NW—SE oriented. The relationship between an
increased b-value and negative stress change may indicate a similar seismicity for the region. In addition,
we have analyzed the occurrence probabilities and return periods of the earthquakes, which showed us that
Mw = 6.0 may occur at 75% in the intermediate term with an estimation of ~7 years. Our results reflect that
these types of multiple-parameter assessments are important to define regional seismicity, seismic, tectonic,
and statistical behaviours. Consequently, the areas with reductions in b-values and increments in stress imply
the possible seismic hazard in the intermediate/long term.
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INTRODUCTION

Many studies exist on the regional and temporal
evaluation of earthquake potential and seismic hazard
for active zones of Tiirkiye and the world. These de-
terminations use different tools such as scaling laws,
physical models, variables, etc. Therefore, if seismic
and tectonic models of earthquake behaviours can
be attributed to a statistical basis, these approaches
will contribute to the estimation of the next possible
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earthquakes. There exist two types of approaches: (i)
evaluation of experimental data based on the earth-
quake indicators (precursors) and (if) statistical anal-
ysis of earthquake behaviours (Holliday et al. 2007).
For this purpose, the most basic and often preferred
scaling tools such as the b-value, standard normal
deviate Z-value (precursory seismic quiescence), Mc-
value (cut-off or completeness magnitude), Dc-value
that describes the fractal dimension, occurrence prob-
ability and return period of earthquakes, time series
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analyses of earthquakes and stress distributions are
preferred in the earthquake statistic. Thus, there exist
many different physical approaches and their appli-
cations for the evaluation of characteristics of earth-
quake behaviours and the estimation of future earth-
quake occurrences on the Earth (Kagan, Knopoff
1987; Matsumura 1993; Molchanov et al. 1998; Polat
et al. 2002; Oncel, Wilson 2004; Console et al. 2007,
Roy et al. 2011; Scholz 2015; Mousavi 2017; Coban,
Sayil 2019; Oztiirk 2020; Ulukavak ef al. 2020; Akar
2021; Sinaga et al. 2022; Oztiirk, Alkan 2023; Or-
meni et al. 2023).

It is well-known that Tiirkiye is one of the most
seismotectonically active parts of the Earth, and
many studies have presented different perspectives to
describe the earthquake characteristics and hazard for
active zones. One of these most active regions is the
West Anatolian Region (WAR), western Tiirkiye. This
region has a significant earthquake potential in terms
of the large earthquake occurrences from the past to
the present. The nature and structure of the WAR show
differences along the Hellenic arc. The eastern part of
Hellenic presents a transform fault characteristic. In
this zone, right and left lateral strike-slip faults strik-
ing the northeast-southwest and northwest-southeast
directions are observed in and around the horst-graben
systems. However, the active faults in the region are
characterized mainly by normal faulting mechanisms
(Aktug et al. 2009; Ozer, Polat 2017a, b; Emre et
al. 2018). The structures of the crustal and upper man-
tle of this region have a complex seismotectonic back-
ground. Hence, strong/large earthquakes occurred in
the WAR from the historical period to the present.
For example; 1919 Soma (Mw = 6.7, moment magni-
tude), 1928 Trbali (Mw = 6.5), 1939 Dikili-Bergama
(Mw =6.6), 1949 Karaburun (Mw = 6.7), 1955 Soke—
Balat (Mw = 6.7), 1969 Alasehir (Mw = 6.7), 1992
Doganbey (Mw = 6.1), 1995 Dinar (Mw = 6.2), and
2003 Seferhisar—izmir (Mw = 5.7). Also, many me-
dium/large earthquakes occurred in the Aegean Sea
between 2017 and 2020 (Koeri 2024). Thus, we state
that the WAR is a seismically and tectonically very
complex region of Tiirkiye, and the most recent earth-
quakes mentioned above caused major disasters.

In this study, we achieved a comprehensive analy-
sis for earthquake hazard evaluation by considering
region-time-magnitude behaviours of seismicity in
the WAR. Although several studies with different
variables were supplied for this region, these appli-
cations associated with seismic and tectonic perspec-
tives were comparably rare for this part of Tiirkiye. In
this context, an appraisal of seismotectonic variables
such as the b-value of the magnitude-frequency dis-
tribution of earthquakes and Coulomb stress changes
are realized. Also, the return period and occurrence
probability were estimated for the strong earthquake

occurrences. The findings will not only be significant
in terms of describing the seismic behaviour but also
will contribute to the understanding of earthquake po-
tential in the study area.

ACTIVE TECTONIC STRUCTURE IN THE
WEST ANATOLIAN REGION

The geodynamic structure in the Mediterranean
region, associated with the Alpine-Himalayan tecton-
ic belt, originates from the collision of the Eurasian,
Arabian, and African plates, which influences the west
Anatolia-Aegean region by generating different types
of deformation, along the Hellenic and Cyprian arcs
with the Bitlis-Zagros Suture zone (BZSZ) (Bayrak et
al.2017; Over et al. 2021). Due to the N-S directional
compression regime in the Eastern Anatolia, the col-
lision tectonic is created between the Anatolian and
Arabian plates. Therefore, the Anatolian plate shifted
to the west along the North Anatolian Fault Zone
(NAFZ) and the East Anatolian Fault Zone (EAFZ)
(Oral et al. 1995; McClusky et al. 2000). This tec-
tonic escape concludes with the N-S extensional tec-
tonic regime shown in E-W horst-graben systems
in the Aegean microplate and Western Anatolian
Extension Province (WAEP) under the north—south
extension (Dewey, Sengor 1979; Sengor ef al. 1985).
These horst-graben systems such as Gediz and Biiyiik
Menderes are bordered by mainly normal faults in the
north—south and the east-west directions (Over et al.
2021; Mulumulu et al. 2023; Cirmik ef al. 2024). On
the other hand, the African plate convergence towards
the Anatolia plate causes the consumption of oceanic
lithosphere along the Hellenic and Cyprus arcs (Mc-
Clusky et al. 2000; Reilinger et al. 2006; Over et al.
2021). The Hellenic arc has a significant effect on the
geodynamic process of the WAR. Subduction along
the Cyprian and Hellenic arcs causes a convergence
between Anatolian and African plates (Saroglu ef al.
1992; Bozkurt 2001). These active tectonics and re-
lated deformations are followed by intense seismicity
with many earthquakes in the region. This extensional
zone is one of the most active seismotectonic struc-
tures of Tiirkiye (Fig. 1a). The tectonic map showing
the major faults in the WAR is given in Fig. 1b (sim-
plified and changed from Li et al. 2003 and Emre et
al. 2018). The major tectonic structures in the study
region can be given as Giilbahge and Soma-Kirkagag
Fault Zones, Mordogan, Seferhisar, Tuzla, Giizel-
hisar, Zeytindag, Bergama, Efes and Milas faults,
Gediz, Kiigiik and Biiyiik Menderes Graben Systems.
According to geodetic measurements, the Aegean do-
main migrates an annual Global Positioning System
(GPS) velocity of ~33 mm/yr to the SW with a N-NE
movement of the African plate. The Anatolian plate
rotates counter-clockwise at ~18-25 mm/yr (Reilin-
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Fig. 1 (a) Major tectonic elements of the Eastern Mediterranean region. Black lines indicate the locations of active faults
taken from Li et al. (2003), Emre et al. (2018), and Utkucu et al. (2021). The red rectangle area depicts the study region.
Plate velocities are depicted by white arrows (modified from Reilinger et al. (2006)). (b) Local tectonic units of the study
region (modified from Emre et al. (2018)). Claret red circles represent provinces. Faults No: Evciler F: 1, Edremit FZ:
2, Pazarkoy F: 3, Samli F: 4, Susurluk F: 5, Havra-Balyan FZ: 6, Balikesir F: 7, Zeytindag FZ: §, Bergama F: 9, Soma-
Kirkagag FZ: 10, Gelenbe FZ: 11, Diivertepe FZ: 12, Simav FZ: 13, Yenifoga F: 14, Mordogan F: 15, Giilbahge FZ: 16,
Yagcilar F: 17, Seferhisar F: 18, Giizelhisar F: 19, Menemen FZ: 20, izmir F: 21, Gediz GS: 22, Selendi F: 23, Kiraz F:
24, Gumildir F: 25, Tuzla F: 26, Efes F: 27, Kusadas1 F: 28, Davutlar F: 29, Biiyiik Menderes GS: 30, Karacasu F: 31,
Cine F: 32, Bozdogan F: 33, Goktepe F: 34, Milas F: 35, Yatagan F: 36, Beyagag F: 37, Mugla F: 38, Gokova FZ: 39,
Datca F: 40, Selimiye F: 41, Bozburun F: 42, Taslica F: 43. FZ: Fault Zone, F: Fault, and GS: Graben System
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ger et al. 2006; Le Pichon, Kreemer 2010; Taymaz
et al. 2022).

EARTHQUAKE DATABASE

For the region-time-magnitude analyses of seis-
motectonic variables, a homogeneous earthquake da-
tabase according to Mw was compiled by Tan (2021)
for the time interval from 1905 to 2019. Tan (2021)
proposed a homogeneous catalogue, and the equiva-
lence Mw was the most suitable magnitude type for
the earthquake hazard analysis. There were 377.429
events in this catalogue for Tiirkiye and its vicinity
between 1905 and 2019. In addition to this earth-
quake database, the events with local magnitude, M,
between 2019 and 2024 were compiled from the Kan-
dilli Observatory and Earthquake Research Institute
(KOERI). There were 153.990 earthquakes around
Tirkiye at that time. To obtain a homogeneous da-
tabase according to Mw between 2019 and 2024, the
empirical relationship from Tan (2021) for Mw-M_
conversion (Mw = 1.017 * M, - 0.012) was consid-
ered. 531.419 earthquakes were obtained for Tiirkiye
and its surroundings between 1905 and 2024. After
this step, the earthquakes were selected for the study
area between 36.0°N — 40.0°N and 25.0°E — 29.0°E.
Thus, 189.715 earthquakes with 1.0 < Mw < 7.8 be-
tween 4 April 1911 and 30 June 2024, about 113.24
years, were obtained. The epicentre locations of all
events and the large main shocks with Mw > 6.0 are
plotted in Fig. 2a.

On the other hand, 41 earthquakes with Mw > 5.0
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that occurred in the WAR between 2014 and 2024
were used to investigate the Coulomb stress varia-
tion. The focal parameters of earthquakes (dip, strike,
rake, etc.) were taken from the Disaster and Emer-
gency Management Authority (AFAD) and United
States Geological Survey (USGS) and listed in Tab-
le 1. Also, Fig. 2b displays the focal mechanisms and
epicentre locations, exhibiting normal fault character-
istics. Thus, the stress variations were analyzed ac-
cording to the normal fault mechanism.

METHODS

Gutenberg-Richter (G-R) relation, magnitude
completeness, earthquake probability and return
period

The magnitude-frequency distribution of earth-
quake occurrences can be given with an empirical
relationship suggested by Gutenberg, Richter (1944).
This scaling is one of the most frequently used forms
in earthquake statistics and can be given as follows:

log ,N(M) —a - bM (1)
In this formula, N(M) is the cumulative number of
earthquakes in a specific time interval with magni-
tudes > M. Significant changes can be observed in
a- and b-values and they are accepted as positive con-
stants. Although the a-value is related to the earth-
quake activity rate, the b-value is calculated from the
slope of the frequency-magnitude relation. For differ-
ent seismic regions, some factors such as the length

26.0° 27.0°

Longitude (deg)

Fig. 2 (a) Epicentre locations of 189.715 earthquakes with Mw > 1.0 from 1911 to 2024 for the study region. The seis-
micity catalogue is taken from the KOERI website (https://udim.koeri.boun.edu.tr/). Magnitude levels of the events are
plotted with different symbols. (b) Orange beach balls represent the earthquake fault mechanism solutions (Mw > 5.0).
The parameters of the focal mechanism solution are given in Table 1

113


https://udim.koeri.boun.edu.tr/

Table 1 Source parameters of earthquakes taken from the AFAD (https://tdvms.afad.gov.tr/) and USGS (https://www.
usgs.gov/) to calculate Coulomb stress changes

o oo | Lol [ Talne | Donk i | S 2R | R0 | T o
1 12024-01-27T05:19:19 27.130 37.966 8.51 5.1 109 48 -84 o AFAD
2 2023-04-26T20:00:35 26.320 36.297 54.16 5.0 316 65 -147 G AFAD
3 |2022-08-31T10:10:10 26.807 37.588 7.03 5.1 276 47 -99 c AFAD
4 |2022-08-14T00:24:22 27.151 37.995 11.7 5.0 94 52 100 @ USGS
5 12021-11-30T04:00:42 26.122 37.711 7.0 5.1 113 44 -69 c AFAD
6 2021-08-07T01:39:45 27.036 36.272 18.4 5.0 4 35 -96 0 USGS
7 12021-08-03T12:38:17 27.044 36.390 10.0 5.2 358 42 -112 O USGS
8 12021-08-01T04:31:27 27.080 36.384 10.86 5.5 228 47 -73 O AFAD
9 12021-06-22T01:14:13 27.042 36.439 9.0 5.5 217 39 -51 o USGS
10 [2021-04-13T20:28:06 27.220 36.521 8.57 5.1 340 63 -172 6 AFAD
11 [2021-02-01T05:46:53 26.118 38.985 20.69 5.1 153 49 -100 O AFAD
12 |2021-02-01T08:35:17 26.078 38.948 17.62 5.1 108 33 -58 o AFAD
13 |2020-10-31T05:31:30 26.830 37.870 7.33 5.0 271 52 -98 c AFAD
14 |2020-10-30T15:14:56 26.869 37.833 7.73 5.1 103 45 -85 c AFAD
15 |2020-10-30T11:51:23 26.703 37.879 14.9 6.6 95 43 -87 o AFAD
16 [2020-06-28T17:43:28 28.233 36.656 63.72 5.2 326 62 152 9 AFAD
17 |2020-06-26T07:21:11 27.801 38.767 9.29 5.5 138 62 -80 o AFAD
18 |2020-02-18T16:09:22 27.845 39.101 14.68 5.2 341 78 -11 Q AFAD
19 |2020-01-28T14:26:15 27.875 39.106 10.0 5.0 111 68 -103 O USGS
20 2020-01-22T19:22:16 27.844 39.048 10.35 54 94 53 -141 Q AFAD
21 2019-10-03T07:44:56 28.572 36.277 17.8 5.1 226 31 81 @ USGS
22 2019-02-20T18:23:28 26.426 39.601 5.8 5.0 329 78 -40 Q AFAD
23 |2019-01-24T17:30:54 28.093 36.065 47.7 5.1 348 50 -171 Q USGS
24 |2017-11-24T21:49:14 28.604 37.114 24.46 5.1 104 41 -87 O AFAD
25 12017-11-22T20:22:51 28.592 37.120 24.75 5.0 110 43 -89 ° AFAD
26 [2017-08-08T07:42:21 27.623 36.957 11.03 5.1 53 48 -138 o AFAD
27 2017-07-21T17:09:48 27.332 36.941 37.5 5.0 61 40 -107 O AFAD
28 [2017-07-20T22:31:09 27.443 36.919 19.44 6.5 275 38 -80 O AFAD
29 2017-06-22T02:48:52 26.453 38.821 13.5 5.0 242 41 -151 O AFAD
30 [2017-06-17T19:50:04 26.436 38.838 10.25 5.3 235 78 -169 @ AFAD
31 |2017-06-12T12:28:37 26.313 38.848 7.0 6.2 127 45 -54 o AFAD
32 12017-05-27T15:53:23 27.815 38.735 11.03 5.1 298 55 -100 o AFAD
33 12017-04-13T16:22:16 28.647 37.153 11.33 5.0 260 72 -93 O AFAD
34 12017-02-12T13:48:16 26.170 39.533 7.0 5.3 107 49 -115 o AFAD
35 |12017-02-10T08:55:25 26.175 39.523 7.79 5.0 144 44 -83 0 AFAD
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v owe | g [ ek | ool Vgl [ S [0 | R | T oo
36 |2017-02-07T02:24:03 26.116 39.514 11.92 52 132 29 -75 @ AFAD
37 12017-02-06T10:58:02 26.137 39.527 9.83 5.3 113 50 -93 @ AFAD
38 [2017-02-06T03:51:40 26.131 39.542 8.86 5.3 129 54 -80 @ AFAD
39 12016-12-20T06:03:45 26.959 36.594 118.3 5.1 59 46 -12 @ AFAD
40 2016-09-27T20:57:09 27.596 36.405 50.63 5.2 109 40 46 @ AFAD
41 |2014-12-06T01:45:06 26.274 38.904 22.48 5.1 254 67 -148 @ AFAD

of the study area, time interval of the earthquake cata-
logue, as well as the number of earthquakes are effec-
tive on the changes of the a-value. However, many
factors such as the anisotropic structure, tectonic
features, stress distributions, geological complex-
ity, thermal gradient, fault length, material proper-
ties, crack density, seismic attenuation, seismic wave
velocity changes, slip distribution, or strain circum-
stances lead to changes in the b-value (Mogi 1962;
Schorlemmer et al. 2005; Oztiirk et al. 2008; Scholz
2015). Also, relative distributions of small and great
events affect h-value variations. Although the h-value
varies from 0.3 to 2.0 on the global scale (Utsu 1971),
it is proposed that the average b-value equals 1.0
(Frohlich, Davis 1993). Thus, the b-value is accepted
as a crucial variable for the earthquake statistic in the
seismically and tectonically active regions.

In many studies associated with seismicity rate
changes and especially in the calculation of the b-val-
ue, it is very important to use the maximum number
of earthquakes for reliable and high-quality results. In
this context, the estimation of magnitude complete-
ness, Mc-value, which is the minimum magnitude
of complete recording, must be the first step before
these types of analyses. The Mc-value is determined
from the magnitude-frequency distribution of earth-
quakes and this completeness level includes 90% of
the earthquakes (Wiemer, Wyss 2000). The Mc-value
may be larger in the early time of the catalogue since
small events may not be located and they fall within
the coda of greater earthquakes (Wiemer, Katsuma-
ta 1999). Since the Mc-value changes regionally, de-
pending on the earthquake activity of the region under
investigation and the detectability of the network, the
variations in the Mc-value in time can affect the statis-
tical results. For this reason, temporal changes in the
Mc-value must be carried out carefully and a moving
time window approach with the maximum likelihood
approach may be used (Wiemer, Wyss 2000).

The occurrence probabilities of different earth-
quake magnitudes (M) for certain time intervals (77)
may be determined from the following equation (Tab-
ban, Gengoglu 1975):

P(M)=1— e 2

In this equation, P(M) is the occurrence probability
that at least one earthquake can occur in 77 years. N(M)
is calculated from the G-R relation (Eq. 1), and 77 can
be given as different periods such as 10, 20, 30, ..., 100
years, etc. Equation 2 is a result of the Poisson distribu-
tion. The return period of an earthquake with a certain
magnitude level may be calculated from the following
formula (Tabban, Gengoglu 1975):

QM) =1/ N(M) 3)

In this equation, Q(M) is the return period of an
earthquake and it is accepted as the expected time in-
terval for an earthquake with a magnitude > M.

Coulomb stress changes

Earthquakes called natural phenomena are consid-
ered the result of stress releasing when shear stresses
across earthquake fault planes exceed fault strength
(Yang et al. 2024). Because of this, Coulomb stress
changes are crucial to analyzing the earthquake-in-
duced stress change (Peikert ef al. 2023). Therefore,
Coulomb stress analysis is the well-known approach
to researching the stress changes under which a fail-
ure occurs in the source fault. The Coulomb failure
stress (Accﬁ) change depends upon the receiver fault
as follows:

(Accﬁ) = ATS + H'Acn' (4)

Here, At, symbolizes the shear stress change as-
sociated with the positive direction of receiver fault
slip, Ao, is the normal stress change along the fault
plane, and ' is the effective friction coefficient on the
fault (King et al. 1994; Lin, Stein 2004; Toda et al.
2011). p' means the effects of pore-pressure changes
and varies from O to 1. For this study, we consider
0.4 in an elastic half-space (Toda ef al. 2005; Wan,
Shen 2010). We assume the dimensionless Poisson’s
ratio (v) is 0.25 and Young modulus (£) is chosen as
8 x 10° bars. The Coulomb stress observation between
-0.1 and 0.1 (bar) is satisfactory to forecast the fol-
lowing earthquake hazards (Yadav et al. 2012). The
increase in the Coulomb stress changes indicates the
loading stress, pushing the fault toward brittle failure,
while the decreased changes may correspond to the
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unloading stress, inhibiting the rupture of the earth-
quake (Stein et al. 1994; Liao et al. 2022; Peikert et
al. 2023).

RESULTS

A comprehensive statistical and seismotectonic
appraisal of the current and future earthquake hazard
for the WAR, which is a very seismically active re-
gion of Tiirkiye, was accomplished by analysis and
combinations of the results of parameters such as (i)
the b-value of G-R relation and time-magnitude anal-
yses of the earthquakes, (ii) Coulomb stress changes,
and (iii) the occurrence probabilities and return pe-
riods of strong earthquakes. To make a satisfactory
assessment of the earthquake occurrences, regional
and depth-dependence variations of these parameters
were mapped for mid-2024.

The magnitude histogram of the earthquakes be-
tween 1911 and 2024 is given in Fig. 3a. The earth-
quake catalogue includes 189.715 earthquakes with
Mw > 1.0. As seen in Fig. 3a, there exists a clear
change between 1.0 and 3.0, and a maximum can
be seen in Mw = 2.5. There are 168.398 events with
3.0 > Mw, 19.173 events with 4.0 > Mw > 3.0, 1888
events with 5.0 > Mw > 4.0, 218 events with 6.0 >
Mw > 5.0, and 38 events with 6.0 < Mw. Thus, for
a detailed time-magnitude analysis and completeness
value, a magnitude histogram is considered. For reli-
able statistical results, it is very important to use the
maximum number of events. Hence, the determina-
tion of the Mc-value is considered the first step for
the region-time-magnitude analyses of the seismicity
since the Mc-value shows temporal changes. Tempo-
ral variations in the Mc-value can be calculated with
a moving time window approach (Woessner, Wie-
mer 2005). In this work, the temporal variation of
the Mc-value was determined with its standard devia-
tion for every 5000 events per window. The temporal
change in the Mc-value is plotted in Fig. 3b by using
the whole catalogue. The Mc-value changes between

2.8 and 3.2 until 1996. Then, it varies around 2.8 from
1996 to 2008, and it changes between 2.0 and 2.8
from 2008 to 2014. However, it is smaller than 2.0
after 2014. This change in the Mc-value is not stable
in time, and a clear fluctuation exists between 2.0 and
3.0 from 1991 to 2014 and between 1.5 and 2.0 from
2014 to 2024. Thus, the Mc-value was accepted as
2.5, and this value follows the literature studies such
as Oztiirk (2015) and Bayrak et al. (2017).

The cumulative number of earthquakes during
the period of the catalogue is given in Fig 4a. The
original catalogue includes 189.715 events with
Mw > 1.0, whereas the complete catalogue con-
tains 60.847 earthquakes with Mw > 2.5. As seen in
Fig. 4a, any significant increases did not exist in the
earthquake numbers from 1911 to 1980, and there
were very few earthquakes between 1980 and 2000.
However, a rapid increase in seismicity can be seen
after 2000, especially after 2010. Also, the cumula-
tive number of earthquakes for the complete cata-
logue with Mw > 2.5 has a smooth slope compared
to the original database. It is well known that this
process is necessary to ensure the completeness in the
catalogue, and the analysis of the magnitude of com-
pleteness must be considered a significant step for a
qualified assessment of the seismic potential and haz-
ard. Thus, the completeness process (excluding the
events with Mw < 2.6 from the catalogue) provided a
more uniform database for the region-time-magnitude
evaluation. Figure 4b shows the magnitude-frequen-
cy distribution and the b-value of the G-R relation.
a- and b-values were obtained as 6.98 and 0.91 £ 0.07,
respectively, with the maximum likelihood technique
by using the original database with Mc=2.5. As men-
tioned above, on the global scale, the h-value changes
from 0.3 to 2.0, and tectonic earthquakes are charac-
terized by the b-value between 0.5 and 1.5, despite
the average b-value being suggested as ~1.0. Thus,
the magnitude-frequency distribution of the earth-
quakes for the study region is well represented by the
G-R relation with the h-value typically ~ 1.0, and the
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Fig 3 (a) Magnitude histogram of the earthquake occurrences between 1911 and 2024. (b) Changes of magnitude com-
pleteness, Mc-value, in time. The standard deviation, 6Mc, was also drawn. The Mc-value was determined with the mov-
ing window approach and 5000 earthquakes in each window
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b-value of 0.91 can be interpreted as a relatively low
value.

A significant application for the statistical apprais-
al of earthquake hazard is well known as the estima-
tion of occurrence probabilities and return periods
of strong/large earthquakes. For this purpose, these
variables for whole magnitude levels in the catalogue
were calculated and drawn in Fig. 5. As seen from
Fig. 5a, occurrence probabilities between 90% and
100% were estimated for the earthquakes of 1.0 <
Mw < 5.5 for all the certain years (7r = 10, 20, ....,
100). In addition, the occurrence probabilities of an
earthquake with Mw = 6.0 change between 70% and
100%, whereas the values for different 77 values are
relatively larger than 35% for the earthquakes with
Mw = 6.5 (Fig. 5a). According to the results (also seen
in Fig. 5a), the occurrence probabilities of Mw = 7.0
in 77 =10, 20 and 50 years were estimated as ~ 16%,
~ 28%, and ~ 58%, respectively. The probabilities of
Mw = 7.5 in Tr = 10, 20, and 50 years were calcu-
lated as ~6%, ~12% and ~26%, respectively. Also,
the occurrence probabilities of an earthquake with
Mw = 7.8 in Tr =10, 20, and 50 years were found as
~ 3%, ~ 6%, and ~15%, respectively. In addition to
these certain values, the occurrences probabilities of
all magnitude levels for all 77 years were plotted in
Fig. 5a. The return periods of the earthquakes with

all magnitudes were plotted in Fig. 5b. As shown in
Fig. 5b, relatively small return periods (< 1.0 years)
were estimated for magnitudes between 1.0 and 5.0.
However, for magnitudes from 5.0 to 6.5, return pe-
riods were estimated between 1 and 20 years. Return
periods between 20 and 50 years can be expected
for earthquake magnitudes from 6.5 to 7.0, whereas
return periods greater than 50 years can be seen for
magnitudes larger than 7.0. As seen in Fig. 5b, the
return periods of earthquakes with Mw = 7.0, 7.5,
and 7.8 are calculated as ~55, ~160, and ~311 years,
respectively. The return periods of all earthquake
magnitudes can also be easily found in Fig. 5b. The
estimated values for probabilities and return periods
indicate that earthquake occurrences between 5.0 and
6.5 in the intermediate/long terms are more likely
than those of other magnitude levels.

To analyze the changes in the b-value in differ-
ent depths, the regional behaviours of the h-value for
every 10 km depth intervals were evaluated and are
plotted in Fig. 6. To image the b-value, a moving win-
dow method with the maximum curvature approach
defined in Woessner, Wiemer (2005) was used. For
these analyses, different sample sizes depending on
a different number of earthquakes in each depth were
used and a spatial grid of 0.1° x 0.1° in longitude
and latitude was considered for all depths. Regional
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changes in the h-value for different depths have values
between 0.43 and 1.45. As imaged in Fig. 6a, for the
depth of 10 km, there exist strong decreases (< 0.9)
including Rodhos, Kos, Aydin, and Samos regions,
the northwest part of the study region, and the eastern
part of Balikesir (including Gelenbe FZ, Diivertepe
FZ, Simav FZ, Yenifo¢a F). The rest parts of the
study region including Izmir, Manisa, and Mugla
have large b-values (> 1.1). Similar changes were
roughly observed in the same areas for the depth of
20 km (Fig. 6b). However, there exist several regions
with small b-values including Pazarkdy F, Gediz GS,
and Selendi F. For the depth of 30 km (Fig. 6¢), the
b-value reflects a clear increase (> 1.0) for the north,
northeast, and northwest parts, whereas a remarkable
decrease (< 0.8) can be seen in the east, south, and
southeast parts of the study region. Very similar vari-
ations were obtained for the depth of 40 km (Fig. 6d),
and small (< 0.8) and large (1.1 <) b-values can be
seen in the same parts with a depth of 30 km. For the
depth of 50 km (Fig. 6¢), the smallest h-values (< 0.7)
were shown in and around Izmir, Samos, Mugla Kos,
Rodhos, whereas great b-values (> 1.0) were imaged
in the northeast part of the study area.

Figure 7 shows Coulomb stress change results in
the depth range of 10-50 km. The positive anomalies
(in red colours) that appeared from Coulomb stress
maps represent the high-stress regions, while nega-
tive anomalies (in blue colours) that appeared from
Coulomb stress maps correspond to the low-stress
regions. In the maps, all depth levels are examined
for the positive stress values (> 0.0 in a bar) under
the Samos and Kos Islands. In this region, there are
Samos, Kusadasi, and Datca faults. These faults show
the normal fault characters in the E-W direction with
N-S extension (Emre et al. 2018; Over et al. 2021).
On the contrary, there is a decrease in stress to the
north and south of Samos and Kos Islands. These
negative stress lobes can be seen especially at depth
levels of 10-30 km. Also, we focus on the south of
Lesvos Island and west of Manisa province, lined with
the positive stress changes in the NW—-SE direction at
the crustal depths, while the negative stress lobe can
be seen at the uppermost lithospheric depths. Several
important fault mechanisms have been observed be-
tween Lesvos and Manisa provinces. Lesvos, Yeni-
foga, Giizelhisar, and Menemen faults. In 2017, the
Lesvos fault produced an important earthquake (Ta-
ble 1, event no 31) that occurred in a shallow depth
(7 km). These current earthquakes and stress distribu-
tion may be related to the movement of the Hellenic
Trench associated with African slab roll-back (Over
et al. 2021). On the other hand, positive stress varia-
tions can be observed in Aydin and Mugla provinc-
es, especially at shallow depths. This region has the
tectonic structures of normal fault mechanism called
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Biiyiikk Menderes Graben System, Gokova fault zone,
and Mugla fault in particular.

DISCUSSION

Many studies including different statistical, seismic,
and tectonic parameters of earthquake occurrences in
the WAR can be found in the literature. In this scope, in
recent years, many authors provided a comprehensive
appraisal of seismotectonic, structural, geological, or
geodetic variables based on the combination of differ-
ent geophysical data (Bayrak et al. 2017, Kiratzi et al.
2020; Sboras et al. 2020; Bulut et al. 2021; Diercks et
al. 2023; Cirmik et al. 2024). These analyses revealed
that the WAR is a high-potential seismic hazard re-
lated to the occurrences of major earthquakes in the
short/medium/long term. Although there can be many
studies with different parameters for the WAR, these
types of statistical and seismotectonic appraisal of the
earthquake potential are relatively rare. Thus, a com-
prehensive regional and temporal analysis is aimed at
the current earthquake potential and forecasting in the
intermediate term.

Bayrak et al. (2017) made a spatiotemporal evalu-
ation of earthquake activity for Western Anatolia by
considering the b-value and Dc-value. They observed
the smallest b-values and the largest Dc-values in
the Aegean Arc and related to the Eskisehir fault.
Also, they proposed that the regional mapping of the
b-value supplies useful information about the stress
variations of the region. Thus, they stated that smaller
b-values are related to the possible locations of future
earthquakes. Kiratzi et al. (2020) studied the charac-
teristics of the 2020 Samos earthquake by using a spa-
tial and temporal distribution of aftershock activity
and stress transfer. Their slip model showed that the
aftershock sequence ruptured the upper crust in the
depth range between 3 and 15 km. They stated that
Samos Island and Izmir province have a rich seismic
history and complex geotectonic structures, hence
earthquake hazard factors must be taken into consid-
eration in the long-term development planning of the
eastern Aegean region. Sboras et al. (2020) studied
fault modelling, seismic sequence, and stress changes
for the 2017 (Mw = 6.6) Gokova Gulf earthquake by
using seismological and geological variables. Ac-
cording to their results, the N-S directional crustal
stretching and regional-temporal evolution show long
quiescence. Also, observations for the post-sequence
stress change suggested that this region is fully loaded
with the positive stress. Bodrum and Dat¢a peninsulas
are related to the decreased stress regions, referring to
a possible delay of future seismic activity. Bulut et al.
(2021) made a study on the rupture geometry, size,
and slip distribution of the 2020 Samos-Kusadasi
earthquake considering seismographs, SAR analysis,



and GPS measurements. They also tried to reveal the
earthquake hazard in the Aegean Sea by investigat-
ing Coulomb stress changes following strong earth-
quakes. According to their results, the main shock of
the Samos earthquake increased Coulomb stress on
some fault segments near Kusadast and Soke prov-
inces. They suggested that increased Coulomb stress
on the segments of the south of Izmir gives a warning
for the current seismic hazard in this highly inhabited
region of the WAR. Utkucu et al. (2021) investigated
the 2017 Karaburun—Lesvos earthquake (Mw = 6.2)
and its aftershocks that occurred on the Lesvos fault.
This region is located in the west of Manisa province.
The authors expressed that the positive stress orien-
tation of the main shock is in good agreement with
the aftershocks on the NW-SE striking. Diercks et
al. (2023) supplied a model by using Coulomb stress
change to evaluate the historical earthquake occur-
rence and constrain the possible source faults. This
approach was used to model the coseismic and inter-
seismic stress variation over 400 years for the Bilyiik-
Menderes Graben region. By modelling multiple pos-
sible historical earthquake scenarios and subsequent
evaluation of earthquake occurrences, they suggested
that the current stress state is related to earthquake haz-
ard in tectonically active regions. Cirmik et al. (2024)
made the coseismic and postseismic displacement as-
sessments of the 30 October 2020 (Mw = 6.9) Samos
earthquake. They used GNSS data before, during,
and after the main shock to examine the earthquake
effects. Also, they analyzed the horizontal displace-
ment by using the Coulomb failure criteria as well as
peak ground displacements. Their displacement anal-
yses show that high-amplitude energy was released
from Ayvalik province in the north to Datga province
in the south after the main shock, and this earthquake
generated continuous deformation in the earthquake
region. These results showed that a significant earth-
quake hazard may be in the intermediate/long term
in the WAR. Thus, spatial and temporal analyses of
geophysical and geodetic parameters and a combined
evaluation of stress changes because of the coseismic
and postseismic displacements may provide a more
detailed interpretation to make a reliable earthquake
hazard and forecasting for the study region.

As discussed above, some anomaly areas show
small h-values and great Coulomb stress changes in
several parts of the WAR such as Mytilene, Samos,
Kos, Mugla, and Rodhos, around Gediz graben. The
smallest h-values are considered to be evidence for
the great stress release, and the smallest h-values are
commented as a sign of large strain due to the active
tectonics of the study area. These small h-values may
also be a sign of the increasing stress with time and
are released by earthquakes that are less frequent but
great in magnitude (Oncel, Wilson 2007). Therefore,

small b-values and large stress areas may indicate the
locations of the next possible earthquakes. For this
reason, a combined appraisal of these types of seis-
motectonic variables may supply more reliable in-
formation for the current earthquake hazard and suc-
cessful forecasting in the WAR. As stated above, this
area was struck with strong/large earthquakes in the
past and many moderate/great events have occurred
in the WAR in recent years. Therefore, special atten-
tion should be given to all anomaly areas of estimated
parameters. Thus, these types of hazard and forecast-
ing studies in this area would be essential, and these
types of assessments must rely on the monitoring and/
or analyzing of different geophysical tools.

CONCLUSIONS

A combined assessment of the seismotectonic tools
such as the b-value, occurrence probabilities, return
periods, and Coulomb stress changes are performed
for a satisfactory earthquake hazard and forecasting
of the next earthquake location in the West Anatolian
Region of Tiirkiye. This region has been struck with
moderate and destructive earthquakes in recent years.

Based on an analysis of the results of the param-
eters we observe that the areas covering the west and
southwest part of the study region, Samos Island, Kos
Island, south of Lesvos Island, and the western part
of Biiylik Menderes and Gediz Graben Systems have
corresponded with a low b-value and increased stress.
These regions are relatable with the highest seismic
potential. It is well known that the areas with small
b-values and positive-stress values are the most likely
locations where the next strong earthquakes will be
expected to occur. Conversely, Coulomb stress chang-
es performed by local earthquakes with mostly normal
fault character show a stress decrease particularly at
shallow/crustal depths (10 km to 30 km) in the Aegean
coasts. Besides, analyses of occurrence probabili-
ties and return periods show that the West Anatolian
Region has an intermediate or long-term earthquake
hazard after mid-2024 with the possible occurrence of
great earthquakes with Mw > 6.0. Finally, our results
may imply that these correlations supply a better un-
derstanding of statistical and seismic properties in the
region. In the scope of these findings, we strongly sug-
gest that more encouraging research and time of the
future possible earthquakes must cover a combination
of multiple parameter analyses.
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