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ABSTRACT

The principal aim of this study is to make a general assessment of the regional and temporal behaviors of the
seismicity in the Marmara region of Turkey. For this purpose, the well-known spatio-temporal tools such as
Mc-value, b-value, Dc-value, Z-value, recurrence period and annual probability were evaluated. The data
catalog is homogeneous for local magnitude, My, and includes 18,662 events with 0.4<M,<5.7 between 2000
and 2020. Earthquake magnitudes change between 1.5 and 3.0 and hence, Mc-value was taken as 2.7. b-value
was calculated as 1.14+0.07 and the earthquakes with small magnitude can be effective on this relatively large
value. Dc-value was estimated as 1.57+0.03 with a scale invariance from 5.03 to 87.64 km. This moderate
value means that distance between the epicenters approaches the diameter of cluster and, earthquake activity
is more clustered in larger areas or at smaller scales. Time-magnitude estimations of annual probability and
recurrence period indicate that the Marmara region has an intermediate/long terms hazard for the occurrence
of strong/large earthquakes. Anomaly regions with low b-value and large Z-value observed at the beginning of
2019 can be considered as the most likely regions for strong/large earthquake occurrences in the next. As a
remarkable fact, a correlation and combined interpretation of these seismotectonic parameters may supply a
preliminary and essential perspective in the seismic hazard for strong/large earthquake occurrences in the
Marmara region of Turkey in the intermediate/long terms.

Keywords: Marmara region, Mc-value, b-value, Dc-value, Z-value, seismic hazard.

1. INTRODUCTION

Spatio-temporal analyses of region-time-magnitude behaviors of seismicity for the seismic
hazard and risk assessments have been carried out by different researchers for different parts of
the world. Several researchers provided some remarkable results in the quantitative seismicity
studies in recent years by using the well-known fundamental seismological tools such as (i)
region-time-magnitude analysis of earthquake distribution, (ii) completeness magnitude, Mc-
value, which defines the minimum magnitude of complete reporting, (iii) b-value, which is known
as the power-law distribution of earthquake activity, (iv) Dc-value, which describes the self-
similarity of a geometrical object, (v) standard normal deviate Z-value, which is one of the most
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frequently used tool for the mapping of earthquake activity rate changes and (vi) recurrence times
and annual probabilities for specific mag nitudes [1], [2], [3], [4]. [5]. [6]. [7] [8]. [9]-

The basic and the best-known relationship of earthquake statistic is the Gutenberg-Richter (G-
R) scaling law and this frequency-magnitude relation of earthquake distribution is given as b-
value [10]. This power law distribution is preferred in the statistical seismology and seismic
hazard assessments since it is crucial to forecast the occurrence of probabilities and recurrence
times of the strong/large earthquakes. Region-time variations of b-value can be used to describe
the behaviors of the seismotectonic environments, region-time-depth changes of stress and
relative proportion of the small and large earthquakes [11]. Literature studies show that the b-
value does not reflect only the relative proportion of the small and large earthquakes, but it can
also be related to the features of the seismogenic environments, regional-temporal-depth changes
of stress. In general, if there exists a temporal decrease in b-value for a given region, it can be
commented that there may be a possibility of earthquake occurrence. Therefore, the G-R
relationship is one of the best useful tools for earthquake statistic and many studies can be found
for different parts of the world including Turkey [3], [12], [13], [14], [15].

Another basic characteristic of earthquake occurrences representing fractal properties is scale
invariance or self-similarity. Systems or processes like seismicity has these features and can be
represented by a power law distribution. Statistical studies show that earthquake behaviors have
fractal and chaotic properties, and these properties are complex statistical tools in defining the
earthquake distributions and its randomness [16]. The fractal feature is given by fractal dimension
and the fractal dimension describes the heterogeneity of earthquake activity in the fault systems.
Some geological, mechanical or structural variations in heterogeneity can be explained by using
fractal dimension. Thus, fractal dimension of earthquakes, Dc-value, has widely been preferred as
a useful parameter in recent years [4], [17], [18], [19], [20].

Besides the G-R relation and fractal dimension, region-time variations of the seismicity rate
have also been used as the earthquake precursor. Precursory seismic quiescence, Z-value, is
defined as a significant decrease in the average seismicity rate compared to the background
activity [21]. This quiescence period can be observed in and around epicentral regions in several
years before the main shock time, or this decrease may be separated from the main shock by a
relatively short period with a tendency to increase in seismicity [22]. Investigation of earthquake
activity rate changes is a significant process for the determining of seismic hazard since the
quiescence period depends strongly on seismic and tectonic structures. The average duration of
precursory quiescence before strong/large earthquakes in different parts of the world is given as
4.543 years [23]. There exist many studies on the analysis of precursory quiescence before main
shock and these studies suggest that significant decrease in seismicity is observed in the epicentral
area and its vicinity in a few years before the main shock [24], [25], [26], [27].

The North Anatolian Fault Zone (NAFZ) is one of the most critical tectonic units of Turkey
with its clear fault trace and earthquake history. Therefore, this region was struck with many
strong and devastating earthquakes in the past. The earthquake activity beginning with the large
Erzincan earthquake in 1930 in the northeast of Turkey migrated to the western part of the NAFZ
with the earthquake series in 1939, 1941, 1942, 1943, 1944, 1951, 1957, 1967, 1971 etc.
Therewithal, two large and destructive earthquakes occurred in the Marmara part of the NAFZ at
the previous century. The August 17, 1999 izmit earthquake, Mw7.4, ruptured the NAFZ along
the 145-km segment that extended from Golyaka, Diizce, in the east, through the Izmit Bay into
the Marmara Sea in the west, and the November 12, 1999, Diizce earthquake, Mw7.2, ruptured a
part nearly 41-km long to the eastward [13]. These destructive earthquakes totally ruptured about
the 1000-km segment of the NAFZ. In addition to these earthquakes, a strong earthquake (Mw5.8)
occurred in the Marmara region in the recent year: September 26, 2019, Silivri-istanbul (Marmara
Sea) earthquake. Hence, the studies on revealing seismic hazard potential and earthquake
prediction on the NAFZ have become very important. Therefore, the principal purpose of this
study is to give some preliminary results for the seismic hazard by providing a region-time

1624



A General Overview on the Region-Time Behaviors ... / Sigma J Eng & Nat Sci 38 (3), 1623-1641, 2020

analysis of seismotectonic parame ters for the Marmara region of Turkey at the beginning of
2020. For this purpose, a detailed statistical analysis of two basic size scaling parameters, the b-
value of G-R relation and Dc-value of the fractal feature were achieved. Also, some estimations
on completeness magnitude Mc-value, seismic quiescence Z-value, annual probability and
recurrence time of the earthquakes for specific magnitude sizes were made in order to provide the
current and next earthquake potential in this region.

2. MAIN SEISMOTECTONIC STRUCTURES AND EARTHQUAKE DATABASE

The NAFZ is known as one of the most seismically and tectonically active strike-slip faults in
Turkey and the world. This fault zone forms a border to the east between the North Anatolia and
the East Anatolia, and it shows a sub-parallel structure to the Black Sea coast. This transform
fault zone extends for 1200 km from the Saros Gulf in the northern Aegean Sea to the Karliova
town in eastern Turkey and keeps a quite regular distance of some 100 km to the coast [28]. The
dextral motion related to the NAFZ continues through the northern Aegean and crosses the
northern central mainland Greece as a broad movement and eventually links up with the Hellenic
subduction zone. The NAFZ has also some second order faults which splay from it into the
Anatolian Plate. This zone shows strike-slip faulting with a reverse component in the east due to
the constricting of the Arabian plate, whereas the western part exhibits a normal component
owing to the interaction of the Aegean extensional regime. The NAFZ accommodates 24-30
mm/year of dextral displacement and its cumulative movement is estimated to vary from 40 km to
a few hundred meters [29]. Active tectonics in Marmara part of the NAFZ can be summarized as
the Diizce fault (DF), Eskisehir, inonii-Dodurga and Kaymaz faults (EIDKF), Gemlik fault
(GMF), iznik-Mekece fault (IMF), Geyve fault (GYF), Manyas fault (MSF), Yenice-Génen and
Sarikdy faults (YGSF), Etili fault (EF) and Saros-Gazikdy fault (SGF). Tectonic environments for
the Marmara region were modified from different studies such as Bozkurt [28], Saroglu et al. [30]
and given in Figure 1. Also, many details of the seismicity, local faults and tectonic structures for
Marmara region can be found from several sources such as Demirtag and Yilmaz [31], Emre at al.
[32].
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Figure 1. Main tectonic units in Marmara region (modified from Bozkurt [28] and Saroglu et al.

[30).

The NAFZ has experienced many large/destructive earthquakes during the past 60 years. The
Karliova section has ruptured during two successive earthquakes on August 19 (Ms6.8) and 20
(Ms6.2), 1966, respectively. December 26, 1939 Erzincan earthquake (Ms 7.9 to 8.0) is one of the
largest earthquakes occurred in Turkey. This earthquake has an important role in triggering the
other earthquakes of 1939-1967 sequences occurred in a westward progression: December 20,
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1942 Erbaa-Niksar (Ms7.1), November 26, 1943 Tosya (Ms7.6), February 1, 1944 Bolu-Gerede
(Ms7.3), August 13, 1951 Cankir1 (Ms6.9), May 26, 1957 Abant (Ms7.0), July 22, 1967 Mudurnu
valley (Ms7.1). In addition, the earthquakes recently occurred in the NAFZ can be given as March
13, 1992 Erzincan (Ms6.8), August 17, 1999 Izmit (Ms7.4), November 12, 1999 Duzce (Ms7.2),
November 3, 2010 Saros Gulf (Ms5.3), June 7, 2012 Marmara Sea (Ms5.1), July 30, 2013
Gokgeada-Canakkale (Ms5.3) and September 26, 2019 Silivri-istanbul (Ms5.7) earthquakes [13],
[28]. In the historical period (1800 BC-1900 AD), destructive earthquakes occurred in Marmara
region, especially on the main segments of the NAFZ, in the intensity ranges of lo=IX-X.
Epicenter distributions and dates of the historical earthquakes in Marmara region in the historical
period were redrawn from the website of the Bogazi¢i University, Kandilli Observatory and
Research Institute (KOERI, URL-1) and plotted in Figure 2.
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Figure 2. Epicenter distributions, dates and intensities of the historical earthquakes in Marmara
region (modified from KOERI, URL-1).

Earthquake database used in this study was combined from the catalogs of Bogazici
University, Kandilli Observatory and Research Institute (KOERI) and Disaster and Emergency
Management Authority (AFAD) for the time period between 2000 and 2020. These institutions
have high-gain seismometers and the errors of hypocenter distributions are given nearly 2 or 3 km
depending on the distribution of stations. Each station, particularly after 2000, mostly supplies the
type of My for all earthquakes. However, in recent years, they give the local magnitudes, M, of
the earthquakes for unknown M. In the situations that My was not calculated in KOERI and
AFAD catalogs between 2000 and 2020; unknown M_ values were computed from Mg-M_
equations provided by Kalafat [33]. For the statistical region-time evaluation, an original database
including 18,662 shallow (depth<70 km) earthquakes from January 1, 2000 to January 21, 2020
with magnitude sizes between 0.4 and 5.7 was used. Earthquake database is homogenous for local
magnitude, M, and time length of the catalog is nearly 20.06 years. Epicenter distributions of all
18,662 earthquakes were shown in Figure 3 with different symbols for different magnitude levels.

1626



A General Overview on the Region-Time Behaviors ... / SigmaJEng & Nat Sci 38 (3), 1623-1641, 2020

41.6
o241.3-
o 4.0
<
g 40.71
R 40.41
3 40.4

40.14

39.8+
25 26 27 28 29 30 31 32

Longitude [°E]

Figure 3. Epicenter distributions of 18,662 shallow earthquakes with 0.4<M, <5.7 between 2000
and 2020.

3. BRIEF DESCRIPTION OF THE ANALYSIS METHODS

Statistical behaviors of earthquake activity in Marmara region of Turkey were tried to
describe with the best-known seismotectonic parameters such as b-value of magnitude-frequency
distribution of earthquakes, Dc-value of the fractal feature of earthquake occurrences, standard
normal deviate Z-value (called precursory seismic quiescence), completeness magnitude, annual
probability and recurrence time of different magnitude levels. The assessment of these parameters
was provided by discussing the region-time characteristics of seismicity at the beginning of 2020.

3.1. b-value of Gutenberg-Richter Relation, Annual Probability and Return Period

The basic relation of earthquake statistics in seismology was known as Gutenberg and Richter
[10] power-law. This empirical relation defines the magnitude-frequency distribution of
earthquake occurrences and is given as follow:

log,, N(M) =a-bM 1

Where N(M) is the cumulative number of events during a particular time interval with
magnitudes higher than or equal to M. The slope of the magnitude-frequency distribution gives b-
value, whereas a-value shows the earthquake activity level. a-value exhibits significant changes
from region to region and these variations depend on the length of the study area, time period of
the catalog as well as the number of earthquakes. The b-value varies from 0.3 to 2.0 for different
earthquake regions of the world [34], whereas an average of b-value in G-R relation is given as
nearly 1.0 [35]. There are many factors affecting b-value changes. Although b-value is related to
the relative numbers of small and large earthquakes, laboratory studies on rock fractures show
that a decrease in b-value is associated with an increase in shear stress and a reduction in
restricted compression. Furthermore, some factors such as thermal gradient, crack density, fault
length, geological complexity, slip distribution, material properties and strain circumstances cause
the variations in b-value [11], [36]. Thus, the b-value is scale-invariant and plays an important
role in the earthquake prediction.

Annual probability of the earthquakes with different magnitude values and within any period
can be calculated from the following equation [9]:

P(M)=1—e N7 @)
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where P(M) is the probability that at least one earthquake will occur in specific T years. M is
taken from Equation 1. Return periods of the earthquakes with different magnitude levels can be
computed from the following formula [9]:

Q=1/N(M) ®)
3.2. Fractal Features of Earthquake Occurrences (Dc-value)

The fractal dimension is a real number and measures the geometry of a distribution. Fractal
distribution or correlation dimension implies that the number of events larger than a specified size
has a power law dependence on the size. It shows spatial and temporal changes, hence,
earthquake distributions are thought to be fractal, but not directly. The clustering properties of the
spatial and temporal distributions of earthquakes can be analyzed by using the two-point
correlation dimension. Fractal dimension, Dc, and the correlation sum, C(r), can be defined as
follows [37]:

Dc= Iirrg[logC(r)/Iog r] @)

C(r)=2N,_, /N(N -1) ®)

where C(r) is the correlation function, r is the distance between two epicenters and N is the
number of earthquake pairs separated by a distance R<r. If the epicenter distribution has a fractal
structure, the following equation can be given:

C(r)~r® (6)

where Dc is the fractal dimension or the correlation dimension. Distance r (in degrees)
between two epicenters can be computed from the following equation:

r = cos *(cos 6, cos 0, +sin g, sin 9, cos(g, — @, ) )

where (6,4) and (8,¢) are the latitudes and longitudes of the i" and j" earthquakes,
respectively [13]. Dc-value can be obtained by fitting a straight line to a plot of C(r) versus r on a
double logarithmic scale, practically from the slop of the graph. If r is small, the lack of points
outside the cluster does not influence C(r). Therefore, C(r) will increase rapidly with r and large
Dc can be expected. Besides, if a scaling range using low r is preferred to estimate Dc, robust
clustering will fallow an increase in Dc. If r close to the diameter of the cluster, the rate at which
C(r) increases with r reduces and Dc will be small. Thus, if a scaling range using large r values
preferred to calculate Dc, robust clustering will cause a decrease in r. Depending on the size of r
considered, this signifies that a dense cluster of points can give both large or small Dc-values [2].

Spatial and temporal fractal properties of earthquake distributions can be described with
fractal dimension and therefore, earthquake distributions follow fractal statistics. The fractal
dimension of earthquakes can be calculated for the estimation of possible unbroken sites
mentioned as seismic gaps that may be broken in the next [2]. Therefore, the changes in fractal
features mostly depend on the complexity or quantitative measure of the heterogeneity degree of
seismicity in the fault systems. The larger Dc-value related to the smaller b-value is the dominant
structural characteristic in the regions of increased complexity in the active fault systems. Also,
these changes on the fractal dimension may be depended on the clusters of events and may be
interpreted as an indication of stress changes on fault planes of the smaller surface area [2], [3].
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3.3. Z-value of Standard Normal Deviate (Precursory Seismic Quiescence)

The phenomenon of precursory seismic quiescence was firstly proposed by Wyss and
Habermann [38] and then Wiemer and Wyss [39] developed a methodology that can be applied in
ZMAP software [40]. Some different techniques can be used to describe and to evaluate the
seismic activity rate changes for different parts of the world. Most of them use spatial and
temporal modeling of seismic quiescence before the main shocks. The standard normal deviate Z-
test is one of the best known statistical methods frequently used for imaging the seismic
quiescence regions. In order to rank the significance of precursory quiescence, the standard
normal deviate Z-test can be used, generating the LTA (Long Term Average) function for the
statistical evaluation of the confidence level in units of standard deviations [39]:

[( 2 Rai —R2W. _ ®
O all /nall )+ (G wl /nwl )]1

where Ry, is the mean seismicity rate in the overall foreground period, Ry, is the average
number of earthquakes in the background window, o and n are the standard deviations and the
number of samples within and outside the window, respectively. Z-value estimated as a function
of time is called as LTA.

Z(t) =

3.4. Declustering Process of the Catalog and Completeness Magnitude (Mc-value)

Some dependent events such as foreshocks, aftershocks or swarms frequently affect the
spatial and temporal statistics of earthquakes. For this reason, the separation of secondary events
from the catalogs is a significant stage for reliable and high-quality seismic hazard analyses.
Therefore, earthquake catalogs need to be declustered and earthquakes must be separated into
primary and secondary events. At the end of this process, all dependent earthquakes can be
separated from independent ones and these dependent events are substituted with a unique event
by eliminating each cluster. In this study, the declustering technique based on the algorithm
modeled by Reasenberg [41] was used in order to decluster (or decompose) the earthquake
catalog through ZMAP software. Since this method has been widely used for different earthquake
catalogs in the world, Reasenberg’s declustering method was preferred.

Completeness magnitude, Mc-value, is a very significant parameter for the statistical
seismicity studies. Mc-value is defined as the minimum magnitude of complete recording and can
be estimated from the frequency-magnitude distribution of earthquakes [1]. This magnitude level
contains 90% of the earthquakes in the catalog and temporal changes in Mc-value can affect the
results of the statistical analyses, especially in b and Z-values [9]. Therefore, the maximum
number of earthquakes in the catalog is aimed to be used for high-quality results for the analysis
of all statistical parameters. G-R size scaling law against magnitude can be used to estimate Mc-
value, and the changes in Mc-value can be estimated by using a moving time window approach
[1]. Thus, the knowledge of temporal Mc-value is significant and the estimation of temporal Mc-
value variations was achieved carefully as the first step in this study because Mc-value was used
in the calculations of statistical parameters.

There are 18,662 earthquakes in the catalog with magnitudes 0.4<M <5.7 between 2000 and
2020. After declustering process, 3755 events (approximately 20.12%) were eliminated and
14,907 earthquakes remained. For the original catalog including all shallow earthquakes with
M, >0.4, Mc-value changes between 1.8 and 2.8 from 2000 to 2020 and hence, it was used as 2.7
on average (Figure 4). Since magnitude completeness analysis is quite effective on the correct
estimation of b-value, Z-value, annual probability and recurrence time, temporal Mc-value was
carefully analyzed and estimated. The number of earthquakes with magnitude M, <2.7 is 9587 and
all earthquakes with magnitude M, <2.7 were removed from the catalog. Finally, after

1629



S. Oztiirk, S. Gerdan | Sigma J Eng & Nat Sci 38 (3), 1623-1641, 2020

declustering and separating M <2.7 events, nearly 71.49% of all earthquakes was eliminated and
the number of earthquakes for seismic hazard analysis was reduced to 5320 (Figure 5). As a
remarkable fact, a more reliable, homogeneous and robust earthquake catalog was obtained after
these processes and this database was used as the final data catalog.

4. RESULTS AND DISCUSSIONS

In this study, a detailed spatio-temporal analysis of recent seismic activity for Marmara part of
the NAFZ of Turkey was performed. For this purpose, the best known and the most frequently
used seismotectonic parameters such as completeness magnitude, Mc-value, (ii) Gutenberg-
Richter b-value, (iii) fractal dimension Dc-value, (iv) standard normal deviate Z-value, (v) annual
probability and (vi) recurrence time of earthquake occurrences were evaluated. In order to
describe the behaviors of earthquake occurrences, the region-time-magnitude variations of
earthquakes were mapped at the beginning of 2020. All spatial and temporal analyses were
performed with ZMAP software package. b-value was estimated with the maximum likelihood
estimation since it provides a reliable estimate than that of the least-square regression method,
whereas Dc-value was calculated by linear regression with 95% confidence limits since this is
suggested as the most suitable method by the authors aforementioned.

Time changes of Mc-value are non-stable and hence, estimation of temporal Mc-value is the
first and most significant step. The estimation of Mc-value as a function of time was realized by
using a moving window technique. Mc-value was plotted with its standard deviation for every 175
earthquakes per window and the original database including 18,662 events with M >0.4 was used.
Time variations of Mc-value were shown in Figure 4. As shown in Figure 4, Mc-value is
relatively large and changes between 2.6 and 2.8 from 2000 to 2012, whereas it generally varies
from 2.0 to 2.6 between 2012 and 2013. Then, it changes between 2.2 and 2.0 from 2012 to 2017
while it decreases to about 1.8 at the beginning of 2020. It can clearly be observed that Mc-value
is in and around 2.7 until 2012, whereas Mc-value shows a decreasing trend and it has an average
value of 2.0 after 2013. KOERI and AFAD have provided real-time data with a great number of
modern on-line and dial-up seismic stations in and around the study region in recent years and
hence, the minimum level of recording magnitude shows decreases with time since the number of
seismographs increases. Mc-value estimation is a significant step since this study includes b-value
and Z-value statistics. From this point of view, an average Mc-value was assumed as 2.7, which
represents well all the time intervals of the catalog. The cumulative number of the earthquake
with time for the original catalog with M >0.4 including 18,662 earthquakes, for the declustered
catalog with M >0.4 including 14,907 earthquakes and for the declustered catalog with M, >2.7
containing 5320 earthquakes was shown in Figure 5. As seen in Figure 5, cumulative number of
declustered earthquakes with M, >2.7 has a smooth slope when compared to the original database.
Some authors stated that magnitude completeness analysis and declustering of the catalog are
critical in the description of the region-time earthquake behaviors [9], [26], [42], [43]. These
studies indicate that dependent earthquakes such as foreshocks, aftershocks or swarms should be
removed from the catalog before the analyses. As clearly seen from Figure 5, declustering process
and removing M, <2.7 earthquakes from the original database eliminated the dependent events. As
a remarkable fact, after these two steps, more homogeneous and more robust earthquake data was
obtained for the region-time analyses of statistical parameters.
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Figure 5. Cumulative number of earthquakes with time for the original data with M, >0.4, for the
declustered catalog with M >0.4 and for the declustered catalog with M >2.7.

Figure 6 shows the magnitude and time histograms of the earthquakes in the Marmara region
between 2000 and 2020. As stated in the data section, magnitudes of the events changes between
0.4 and 5.7, and earthquake numbers have an exponential decay rate from smaller to larger
magnitudes. As seen in Figure 6a, the magnitudes of many earthquakes change between 1.5 and
3.5. Earthquake numbers show two maxima in M =2.1 and M =2.7 levels. The number of
earthquakes with 1.5<M,<3.5 is 17,303, whereas there are 1359 events with 3.5<M;<5.7. Also,
there are 915 events for 0.4<M,<1.5, 15,565 events for 1.5<M, <3.0, 2041 events for 3.0<M, <4.0,
200 events for 4.0<My<5.0, and 11 events for 5.0<M,. Thus, events with a magnitude between 1.5
and 3.5 occur more frequently than those of the others in Marmara and its surrounding area. This
increasing trend in the number of small events may be an indication of stress accumulation in this
region in recent years. The time histogram of the events from 2000 to 2020 was also demonstrated
in Figure 6b. The seismicity from 2000 to May 24, 2014 shows some fluctuations and the number
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of earthquakes for all magnitude levels in this time interval is 11,148. There are some increases in
seismicity after 2009 although the number of earthquakes from 2014 to 2020 shows both strong
increases and decreases. There are 5582 events between 2000 and 2009, and there are 5566
earthquakes between 2009 and May 24, 2014. However, a systematic decrease in earthquake
activity after May 24, 2014 shows an increasing trend between 2019 and 2020, and the total
number of events between these years is 1337. As a remarkable fact, these types of statistical
analyses may supply the preliminary perspective for the analysis of seismicity rate changes and
these evaluations can be related to the region-time changes of precursory seismicity in and around
the Marmara region.
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Figure 6. (a) Magnitude histogram and (b) Time histogram of the seismicity in Marmara region
from 2000 to 2020.

Figure 7 shows the b-value of G-R frequency-magnitude distribution and fractal statistics of
the seismicity in the Marmara region at the beginning of 2020. The b-value was estimated with
the maximum likelihood method and shown in Figure 7a. As shown from the temporal changes of
Mc-value, average Mc-value was taken as 2.7 for all the catalog including 18,662 earthquakes
between 2000 and 2020, and the b-value was computed as 1.14+0.07. b-value, its standard
deviation, a-value, and Mc-value were also shown in Figure 7a. As stated above, the b-value
varies from 0.3 to 2.0 on a global scale [34] and tectonic earthquakes are known to have a b-value
between 0.5 and 1.5. However, the average b-value is accepted close to 1.0. According to these
results, the magnitude-frequency distribution of earthquake database for the Marmara region
matches the G-R relationship and this relatively large b-value means that the study region has a
high frequency of small or moderate events. Hence, this situation may be considered as the high
heterogeneity and low stress distribution in the study areas. The fractal statistic of the seismicity
in the Marmara region was given in Figure 7b. Calculation of the Dc-value of the earthquake
epicenters was made by fitting a straight line to the correlation integral curve, C(R), against the
epicenter distance R (km), in other words, log C(r) versus log r. Dc-value was calculated as
1.57+0.03 for the 18,662 epicenter distributions with a 95% confidence limit by using linear
regression. This log-log correlation function shows a noticeable linear interval and scale
invariance in the cumulative statistic between 5.03 and 87.64 km. As shown in Figure 7b, the
standard deviation was also computed within these distances and given on the figure. As
mentioned above, earthquake distributions are related to the fractal dimension and therefore, they
match the fractal statistics. Also, the fractal dimension is used as a quantitative measure of
heterogeneity degrees in fault geometry. If there is increasing complexity in the active fault
system with higher Dc-value and smaller b-value, the stress release occurs on fault planes of the
smaller surface area [2]. Also, the larger Dc-value is sensitive to heterogeneity in magnitude
distribution. Dc-value estimated as 1.57+0.03 suggests that seismicity is more clustered at larger
scales or (in smaller areas) and this relatively large Dc-value may be a dominant structural
characteristic for the study area. Since Dc-value is larger than 1.5, it can imply that Marmara
seismicity is homogeneously distributed. Also, the seismic heterogeneity degree can be analyzed
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quantitatively with the fractal dimension, and the heterogeneity of stress field controls the region
[2], [17]. Hence, it can be obtained a non-heterogeneous stress distribution in the Marmara region.
Thus, it can statistically be described and characterized by the regional distributions of earthquake
epicenters and their fracture systems with fractal dimension.
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Figure 7. (a) Gutenberg-Richter, b-value, of magnitude-frequency distribution and (b) Fractal
dimension, Dc-value, for the seismicity in Marmara region at the beginning of 2020. The slope of
the blue line corresponds to Dc-value and red lines indicate the standard error.

One of the most critical steps in the description of earthquake behaviors is to evaluate the
annual probabilities and recurrence times of the strong/large earthquake magnitudes. For this
reason, this study includes these types of analyses and the results of the annual probabilities and
recurrence times for different magnitude levels were plotted in Figure 8. Annual probabilities of
the earthquake occurrences show relatively high values changing between 1 and 90 for the
earthquake magnitudes with 3.0<M <4.2, and the values smaller than 1 for the magnitude levels
with 4.2<M_ (Figure 8a). Recurrence times of the different magnitude levels were also plotted in
Figure 8b. Recurrence times smaller than 1.0 year were observed for the magnitude levels
between 2.5 and 4.2. Average recurrence times changing between 1 and 10 years were calculated
for the earthquakes of 4.2<M,<4.8, whereas the recurrence times varying from 10 to 20 years
were calculated for the earthquake magnitudes with 4.8<M; <5.0. In addition, recurrence times
between 20 and 50 years can be estimated for the earthquakes with 5.0<M;<5.2, while the
recurrence times greater than 50 years (between 50 and 300 years) can be expected for the
earthquakes with 5.3<M_ (Figure 8b). As mentioned above, a few strong/large earthquakes
occurred in Marmara region in recent years: Saros Gulf, November 3, 2010 (Ms5.3), Marmara
Sea, June 7, 2012 (Ms5.1), Gokgeada-Canakkale, July 30, 2013 (Ms5.3) and Silivri-istanbul,
September 26, 2019 (Ms5.7) earthquakes. These results suggest that earthquakes with 3.0-4.2
magnitude sizes are more likely than those of the other occurrences, and a strong/large earthquake
5.0<M_ can be expected in every 20 years. Therefore, these results show an existing seismic
potential in and around the Marmara region.
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Figure 8. (a) Annual probabilities and (b) Recurrence times for different magnitude levels.
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The details of 5.0<M__ earthquakes in and around the Marmara region were given in Table 1.
Also, temporal b-value change for the earthquake occurrences was plotted in Figure 9. In order to
observe the variations in b-value as a function of time, a moving window technique and the
maximum likelihood method were used. Temporal b-value estimation was made by a sample size
of 350 earthquakes. The b-value variations were observed in a wide range from 0.6 to 2.0 and
show some remarkable increases and decreases in about 20 years. Arrows in Figure 9 indicate the
clear decreases in b-value before the occurrences of some strong/large earthquakes. As seen in
Figure 9, the b-value shows great decreases before the occurrences of July 6, 2003 Saros Gulf and
July 30, 2013 Kalekoy-Gokgeada earthquakes and clear increases after these earthquakes. These
types of behaviors can also be clearly seen before the other earthquake occurrences given in Table
1. One can conclude from Figure 9 that these great and sudden decreases in b-value are related to
the occurrence times of the main shocks, whereas the rapid increases are observed after the main
shock occurrences. There are several factors causing perturbations in normal b-value. The applied
shear stress may increase after the main shocks, which would be related to small b-values.
Therefore, one can interpret that decreasing anomalies in b-value as a function of time before the
occurrence times of the main shocks may be due to a stepwise increase (less or more) in the stress
condition. Also, the relative numbers of small and large earthquakes before the occurrence of
main shock may be related to the less or more decreases in b-value in different years. Therefore,
observation of temporal b-value may have a statistical significance for the estimation of the next
earthquakes in the Marmara region.

Table 1. Details of the strong/large earthquakes occurred in the Marmara region and its vicinity
from 2000 to 2020.

Year Month Day ?_rlln%;n Latitude Longitude I?Em)h Ma(g'\r)llLt)ude Environment
2000 08 23 1341 4071 30.75 9.0 5.0 Akyazi-Hendek
2003 07 06 19:10 40.39 26.19 12.0 5.7 Saros Gulf
2004 06 15 12:02 4045 25.76 8.0 51 Saros Gulf
2006 10 20 18:15 40.26 27.98 10.9 5.2 Kus Lake
2006 10 24 14:.00 40.42 28.99 125 5.2 Gemlik Gulf
2008 12 28 22:58 4041 25.81 8.8 5.2 Aegean Sea
2011 07 25 17:57 4081 27.74 17.0 52 Marmara Sea
2012 06 07 20:54 4085 27.92 14.9 5.1 Marmara Ereglisi
2013 07 30 05:33 4031 25.81 13.2 5.3 Kalekdy-Gokgeada
2014 05 24 09:31 4043 26.24 7.2 51 Saros Gulf
2019 09 26 13:59 40.88 28.21 12.3 5.7 Silivri-Istanbul
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Figure 9. b-value changes as a function of time. Standard deviation of b-value (8b) was also
given. Arrows indicate the large decreases in b-value before the occurrences of strong/large
earthquakes.

Regional changes of b-value at the beginning of 2020 were plotted by using a moving
window approach in ZMAP with a sample of 500 events per window and a regional grid of
0.03°x0.03° in latitude and longitude. As seen in Figure 10, regional changes in the b-value are
between 0.9 and 2.1. As mentioned above, the b-value of earthquake distributions is well
represented by G-R relation with an average value of b=1.0 [35]. Depending on this statement,
large b-values (>1.0) were observed across the study region. However, the regions with the
smaller b-values (<1.0) were generally observed in the western part of the study region including
the Aegean Sea. A larger proportion of small-magnitude earthquakes (Figure 3) generally
occurred in the regions with higher b-values. However, the regions with lower b-values were
observed in the areas in which large-magnitude earthquakes occur more often. In many parts of
the Marmara region, large b-values (>1.0) were calculated and it can be attributed to the stress in
these regions which is more easily decreased with a great number of small-magnitude
earthquakes. It is suggested that smaller b-values make a sign of the higher stress release.
Therefore, the smaller b-values may be an indication of low heterogeneity degree and high-strain
[3] due to the active tectonics of the Marmara region. These small b-values can also be related to
the stress to build up over time and to be released by events that are less frequent but large in
magnitude [2]. As stated in many studies in literature, small b-values may show the regions in
which the possible future earthquake will occur. Thus, a small b-value can be used to estimate the
next earthquakes in these areas. However, in the regions with large b-values, this situation may be
considered as evidence of low-stress relaxation by a great number of small earthquakes and thus,
there may be a sizeable geological complexity in these regions. As a significant result, special
attention should be paid to these parts of the Marmara region with an estimated small b-values.
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Figure 10. Regional changes of b-value at the beginning of 2020.

Seismicity rate changes for the Marmara region at the beginning of 2020 were mapped in
Figure 11. As in the b-value map, a regional grid of 0.03° in latitude and longitude was used in
order to image Z-value. The time window (Tw) was selected as 4.5 years to image the regional
changes of Z-value. From the tests and assessments of the quiescence maps, we concluded that
quiescence areas are better imaged for a time window of 4.5 years. As seen in Figure 11, there are
several areas exhibiting precursory quiescence anomalies at the beginning of 2020. Anomaly
regions displaying seismic quiescence at the beginning of 2020 are observed in the Aegean Sea,
in and around SGF fault, the western part of Marmara Sea, in and around the MSF (including
Erdek Gulf), throughout the GMF-IMF-GYF, in the EIDKF and its vicinity, in and around
Sapanca Lake, and some parts in the Anatolian and European sides of Istanbul. Also, as seen in
Figures 10 and 11, an evaluation of the regions with small b-value and large Z-value [3] may give
useful keys to analyze the seismic potential in and around the Marmara region and thus, special
emphasis needs to be paid to these anomaly regions.
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Figure 11. Regional changes of Z-value at the beginning of 2020.

In recent years, a number of studies have been achieved and different models have been used
in order to describe the region-time-magnitude behaviors of the seismicity in different parts of
Turkey, especially in the NAFZ [3], [5], [13], [44], [45], [46], [47], [48]. Pucci et al. [44] made a
detailed comparison among the coseismic surface expression and the long term morphology and
structural architecture of the Diizce fault zone in order to investigate the persistency or evolution

1636



A General Overview on the Region-Time Behaviors ... / SigmaJEng & Nat Sci 38 (3), 1623-1641, 2020

of the active fault formation at the surface. They stated that this analysis may supply some
significant contributions to the estimation of the types for the next earthquake ruptures and
segmentation models. Also, it is concluded that the local strain which affects the western part of
the Diizce segment may act as a barrier and therefore, the rupture propagation from the Izmit to
the Diizce fault segment may delay. Hence, they suggested that the eastern part of the Diizce
segment may be a possible region for the future earthquake occurrence. Oztiirk et al. [45] made a
quantitative evaluation of seismic hazard parameters by using Gumbel’s I asymptotic distribution
for different parts of Turkey and its vicinity. They calculated the most possible magnitude, mean
recurrence time and the earthquake occurrence possibility for the specific magnitude levels in a
period of 10, 25, 50 and 100 years in different parts of Turkey including the NAFZ. The results of
this study show that the mean recurrence times for Ms>6.5 were estimated as 21.13+11.36 years
for Diizce, Cankir1 and Amasya regions, 37.15+18.81 years for Izmit, Gelibolu and Saros Gulf
regions, 53.70+27.15 years for Canakkale and its vicinity. When considered these results and
some recent earthquakes such as March 18, 1953 Canakkale, August 17, 1999 izmit, November
12, 1999 Diizce which occurred in the NAFZ, they suggested that the average time of an
earthquake occurrence with a magnitude Ms>6.5 in these regions may be estimated as of 2020 and
later. Oztiirk [13] made a detailed assessment on the earthquake behaviors on different parts of
the NAFZ by using b-value, Dc-value, Z-value and region-time-magnitude distribution of the
earthquakes between1970 and 2010. They stated that some regions including Silivri, Izmit,
Canakkale, Diizce fault, Amasya, Erzincan, and Bing6l are important in terms of the future
earthquake potential. 2010 Saros Gulf, 2011 Erzincan, 2013 Canakkale and 2015 Bing6l
earthquakes occurred within the regions estimated by Oztiirk [13]. Karimi et al. [46] used
integrated stress modeling and remote sensing techniques in order to describe the active fault
geometries in the east of the Marmara Sea on the NAFZ. In relation to active fault geometries,
they stated that obtained results can be expected to facilitate the long-term slip transfer. Also, they
suggested that existing modeling will give useful information if the linking structures impede of
facilitating the earthquake rupture propagation. Bohnhoff et al. [47] tried to determine the
maximum earthquake magnitudes for the expected earthquake hazard throughout the different
segments of the NAFZ. They found that the earthquakes between 7.8 and 8.0 are only observed
along the older eastern segment of the NAFZ and this segment has longer coherent fault zones.
Obtained results in Bohnhoff et al. [47] reveals that the maximum expected earthquake magnitude
in the densely populated Marmara-istanbul region would probably not exceed M7.5. Thus, these
findings can help in the estimating hazard potential related to the different parts of the large
transform faults. Oztiirk [48] made a statistical study on the regional and temporal variations of
seismicity in and around the NAFZ by using the b-value, Dc-value, Z-value and their correlations
with each other. The regions exhibiting both the lowest b-value and the highest Dc-value with the
high Z-value were given as the vicinity of Diizce fault and the Black Sea coast. Hence, it is stated
that the decreases in b-value and the increases in Dc-value between 2012 and 2013 may be
significant in terms of the future earthquake potential in the NAFZ and its vicinity. Also, seismic
quiescence regions at the beginning of 2016 were observed in and around Enez, the north of Etili
fault, Canakkale and Edremit, Tekirdag-Silivri and the Marmara Sea, the part of Black Sea and
the vicinity of Yalova-izmit, the northern part of Manyas fault, iznik-Gebze, Diizce fault, and the
Black Sea coast. 2019 Silivri-Istanbul earthquake occurred within the areas predicted by Oztiirk
[48]. Thus, Oztiirk [48] suggested that the combination of these seismicity parameters may
provide preliminary and significant evidence in order to estimate the future earthquake
occurrences in and around the NAFZ.

NAFZ was struck with large earthquakes in recent years as given in Table 1. Therefore,
estimation of the next large earthquake in the Marmara region would be useful. When considering
the former references and the proposed study, it can be seen that there is a potential for future
earthquake occurrences in all different parts of the NAFZ. Therefore, a comparison of the
anomaly regions of the b-value, Dc-value, Z-value which currently calculated in this study with
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different geophysical parameters, especially stress distribution, will make significant
contributions. In this point, a correlation and combined interpretation between these
seismotectonic parameters may supply preliminary and significant information of seismic hazard
for strong/large earthquake occurrences in the Marmara region of Turkey at the beginning of
2020.

5. CONCLUSIONS

A detailed statistical study on the region-time behaviors of the recent seismic activity in the
Marmara region of Turkey at the beginning of 2020 was achieved. For this purpose, the most best
known and the most frequently used hazard parameters such as Mc-value, b-value, Dc-value, Z-
value, annual probability and recurrence time of earthquakes were preferred. A homogeneous
catalog including 18,662 earthquakes with 0.4<M < 5.7 for shallow events between January 1,
2000 and January 21, 2020 was used and region-time behaviors of the earthquakes were mapped
at the beginning of 2020. Reasenberg’s algorithm was preferred to remove the dependent
earthquakes from the catalog. Mc-value was calculated as 2.7. After declustering process and
separating the earthquakes smaller than Mc-value, about 71.49% of total events was eliminated
from the catalog and only 5320 earthquakes were used to map the regional distributions of
seismicity parameters. Detailed region-time analyses suggest that the Marmara region has an
intermediate/long terms seismic hazard in comparison to occurrences of strong/large earthquakes
in the short term. According to the annual probability and recurrence time, the Marmara region
has an intermediate/long terms hazard for the occurrence of strong/large earthquakes with
5.0<M.. Also, the regions where anomalies were observed in the Marmara region must be
carefully examined in terms of earthquake hazard and we recommend that earthquake activity
should be monitored by locally dense arrays and must be evaluated with different geophysical
parameters. As an important result, the anomaly regions showing small b-value and high Z-value
with small recurrence times may be interpreted as the possible locations of the future strong/large
earthquakes in the Marmara region.
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