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Abstract The Eastern Anatolian Region of Turkey is one
of the most seismically and tectonically active regions due
to the frequent occurrence of earthquakes. Thus, the main
goal of this study is to analyze the regional and temporal
characteristics of seismicity in the Eastern Anatolia in
terms of the seismotectonic b-value, fractal dimension Dc-
value, precursory seismic quiescence Z-value, and their
interrelationships. This study also seeks to obtain a reliable
empirical relation between b and Dc-values and to evaluate
the temporal changes of these parameters as they relate to
the earthquake potential of the region. A more up-to-date
relation of Dc = 2.55—-0.39*b is found with a very strong
negative correlation coefficient (r=— 0.95) by using the
orthogonal regression method. The h-values less than 1.0
and the Dc-values greater than 2.2 are observed in the
Northeast Anatolian Fault Zone, Askale, Erzurum, Igdir
and Caldiran Faults, Dogubeyazit Fault Zone, around the
Geng Fault, the western part of the Bitlis-Zagros Thrust
Zone, Pilimiir and Karakog¢an Faults, and the Sancak-
Uzunpinar Fault Zone. In addition, the regions having
small b-values and large Z-values are calculated around the
Geng, Piiliimiir and Karakogan Faults as well as the
Sancak-Uzunpinar Fault Zone. Remarkably, the combina-
tions of these seismotectonic parameters could reveal the
earthquake hazard potential in the Eastern Anatolian
Region of Turkey, thus creating an increased interest in
these anomaly regions.
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1 Introduction

Numerous statistical studies on the regional and temporal
variations of seismicity have been conducted to analyze the
characteristics of seismic activity in Turkey as well as
various other regions of the world. The use of a variety of
tools, such as physical models and scaling laws, have
resulted in considerable findings (e.g., Mandelbrot, 1982;
Hirata, 1989a; Hirabayashi et al., 1992; Frohlich and
Davis, 1993; Matcharashvili et al., 2000; Oncel and
Wilson, 2007; Roy et al., 2011; Oztiirk, 2011, 2012,
2015). Different seismic parameters can be used in these
studies. The following tools can be used as size-scaling
parameters: 1) regional, temporal, and magnitude distribu-
tion of seismicity, magnitude completeness Mc-value, 2) b-
value, which defines the frequency-magnitude distribution
of earthquakes, 3) fractal dimension Dc-value, defined as
the number of objects greater than a specified size with a
power law dependent on size, and 4) standard deviate Z-
value, one of the best known tools used for the assessment
of precursory seismic quiescence before earthquake
occurrence in a given region.

Fractal and chaotic properties of earthquakes are
recognized and detailed with the application of fractal
concepts to seismicity in Goltz (1998). Fractal properties
characterize the evolution of earthquake system to a self-
organized critical state. It is well known that tectonically
and seismically active regions exhibit a fractal correlation
or scale invariant between earthquakes both spatially and
temporarily (Oncel et al., 1995). One of the best known
power-law relations is fractal and it can be given as a two-
point regional correlation function for the epicenter of
earthquakes (Mandelbrot, 1982). A fractal is an object or
set of non-integer dimensions and a fractal dimension is an
expression of statistical self-similarity or scale invariance
(Goltz, 1998). This is a sophisticated statistical tool in
quantifying the earthquake distributions, its randomness,
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and clustering (e.g., Hirata, 1989a; Ouillon et al; 1995,
Teotia and Kumar, 2007). Some structural, geological, or
mechanical changes in heterogeneity can be described by
using fractal dimension and can also define the hetero-
geneity of seismicity in an active fault system. As a result,
an assessment of the relationship between fractal properties
of complex seismotectonic parameters may determine the
seismic risk and hazard analyses for a given region. The
fractal dimension of earthquakes has recently been used as
a powerful tool to quantify the basic properties of a system
or a process having fractal properties (e.g., Hirata, 1989b;
Oncel et al., 1995; Matcharashvili et al., 2000; Oncel and
Wilson, 2002, 2004; Chen et al., 2006; Oztiirk, 2012).

The b-value, as stated in the Gutenberg-Richter
frequency-magnitude relation, is another power-law dis-
tribution of earthquakes (Gutenberg and Richter, 1944). A
fractal correlation between earthquake frequency and
seismic energy, moment, or fault length can be provided
by estimating the b-value. The b-values not only reflect the
relative proportion of the small and large earthquakes, but
can also be related to the characteristics of the seismogenic
structures and the stress changes in space, time, and depth
(Mogi, 1967; Mori and Abercrombie, 1997; Wyss et al.,
2001). If the b-value shows a decreasing trend in a region,
a strong or large earthquake is likely to occur (Prasad and
Singh, 2015). As such, the b-value is one of the best known
seismicity parameters which describes the size distribution
of earthquakes. Numerous and varied studies for spatial or
temporal analyses are conducted across the globe, yet in
Turkey the b-value is used (e.g., Wiemer and Katsumata,
1999; Enescu and Ito, 2002; Oztiirk et al., 2008; Oztiirk,
2011, 2015).

In recent years, numerous studies have been made on the
spatial and temporal variations of seismic quiescence as an
earthquake precursor. Although the anomalies of precur-
sory seismic quiescence are controversial, they may be
related to precursors that indicate earthquakes. Precursory
seismic quiescence is the inner part of the doughnut pattern
proposed by Mogi (1969) on the basis of visual inspection
of seismicity maps. Wyss and Martirosyan (1998) defined
the seismic quiescence as a significant decrease in mean
seismicity rate in comparison with the background
seismicity (Wu and Chiao, 2006). According to the results
from different studies, a decrease in seismic activity may
last between one and several years and must precede or
lead up to the main shock time. Precursory quiescence
hypothesis is described by Wiemer and Wyss (1994) as: “4
statistically significant decrease of the seismicity rate that
occurs in a restricted segment of a seismogenic zone. The
rate decrease is terminated by a main shock and the
quiescent volume covers all or a major part of the source
volume.” Some investigations show that precursory
seismic quiescence occurred in and around focal areas
several years before main shocks, such as in: Tokachi-Oki
(Mogi, 1969); San Andreas (Wyss and Burford, 1987);
Kurile (Katsumata and Kasahara, 1999); Colfiorito (Con-

sole et al., 2000); Elazig and Van (Oztiirk and Bayrak,
2012). Thus, these precursory seismic quiescence evalua-
tions can give evidence to earthquake forecast research and
can also achieve a statistical evaluation for detecting the
next quiescence period in real time for a given region.

Given Turkey has been observed as one of the most
active earthquake regions in the world, numerous studies
on the seismic behaviors of the earthquakes for seismic risk
and hazard assessments have been conducted. However,
these types of studies, which have a possible correlation
between seismic and tectonic parameters, are relatively
rare for the Eastern Anatolian Region. The Eastern
Anatolian Region is one of the most seismically active,
with many destructive earthquakes occurring in recent
years, such as in 26 December 1939 Erzincan (M8.0), 17
August 1949 Elmalidere-Bingdl (M7.1), 13 March 1992
Erzincan (M6.8), 1 May 2003 Bingol (M6.4), 27 January
2003 Tunceli (M6.1), 11 August 2004 Elazig (M5.7) and
25 January 2005 Hakkari (M5.9). As aresult, these types of
applications between seismic and tectonic parameters, as
stated above in terms of the regional and temporal
characteristics of earthquakes, may give new insights
into the assessments of earthquake risks and hazards. Due
to the occurrences of the recent strong “My = 6.0- Elaz1g
earthquake, 2010 March 08; My = 5.5- Erzincan earth-
quake, 2011 September 22; My = 7.2- Lake Van
earthquake, 2011 October 23 and My = 5.5- Bingol
earthquake, 2015 December 03,” a detailed regional and
temporal analysis of seismicity should be conducted to
investigate the earthquake potential in the Eastern
Anatolian Region of Turkey. In the scope of this study,
regional, temporal and magnitude distribution of earth-
quakes are analyzed in terms of size-scaling distributions.
For this purpose, a statistical assessment is achieved by
using seismic and tectonic parameter b-value and fractal
dimension Dc-value, magnitude completeness Mc-value,
and standard deviate Z-value. In addition, an up-to-date
and suitable relation between Dc and b-values are tried to
estimate for the Eastern Anatolia.

2 Earthquake catalog and seismotectonic
zonation

The earthquake catalog used in this work was compiled
from Oztiirk (2009) for the period of 1970 to 2006. Oztiirk
(2009) used some empirical relationships to prepare a
complete and homogeneous database, in addition to an
instrumental earthquake catalog for duration magnitude
Mp, including 73,530 earthquakes from 1970 to 2006 (all
details for the relationships of different magnitude types
are also suggested by Bayrak et al., 2009). The Bogazici
University, Kandilli Observatory and Research Institute
(KOERI) catalog is also used for the time interval between
2006 and 2015. KOERI generally provides the type of Mp
for all earthquakes, especially after 2000. However,
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KOERI has supplied a local magnitude M, for missing Mp
in recent years. When Mp is unknown in the KOERI
catalog from 2006 to 2015; unknown M, calculations are
made with Mp-M,; relationships supplied by Oztiirk
(2009). A total of 62,350 earthquakes have been updated
for Turkey between 2006 and 2015. The final result
showed 165,880 events occurred in and around Turkey
from 1970 to 2015.

KOERI has computed the magnitude of events with Mp
(sometimes M; or different magnitude types) and supplies
the real time data with the modern on-line and dial-up
seismic stations in Turkey, especially after 2000. KOERI
determines the magnitude and location of earthquakes as
correctly and rapidly as possible. KOERI has a great
number of stations in all regions of Turkey and signals
from the stations are sent by phone lines or by radio waves
to the KOERI seismological center. Concerning the
accuracy of the earthquake catalog used in this work, as
stated in Oztiirk (2011), errors in the epicenters of the
earthquakes since the 1970s, are within 0— 15 km and the
errors in magnitudes within 0.2, while the corresponding
errors for the events prior to the 1970s are 0—30 km in
epicenters and 0.5 in the magnitudes (Bogazici University
home page, http://www.koeri.boun.edu.tr/). Thus, the
epicenters of earthquakes are not relocated and the
locations and magnitudes of events given by KOERI are
used.

The selection of the boundaries in the study area is based
on Oztiirk (2012). Oztiirk (2012) divided Turkey into 55
different seismotectonic zones by considering the previous
studies by Erdik et al. (1999) and Bayrak et al. (2009).
Turkey is divided into 24 different seismic zones by
Bayrak et al. (2009) regarding: (i) the different zonation
studies mentioned above for seismic hazard modeling in
Turkey, (ii) solution of focal mechanism given by
TUBITAK Marmara Research Center (Scientific and
Technological Research Council of Turkey) for the great
earthquakes that occurred in Turkey between 1977 and
2002 and, (iii) plotting the existing tectonic structure with
the epicenter distribution of earthquakes. However, 37
source zones are defined by Erdik et al. (1999) by using
whole available data and considering the studies and
zonations presented by different researchers. Some parts of
these seismogenic zones for the Eastern Anatolia are
considered for this analysis. Thus, the Eastern Anatolia
Region of Turkey, which is limited by the coordinates
36°N and 42°N in latitude and 36°E and 45°E in longitude,
is divided into 21 seismotectonic sub-regions.

The earthquake catalog in this area was prepared for a
detailed analysis after the selection of the Eastern Anatolia
catalog. First, the events that occurred from 1970 to 2015
were selected catalog with an Mp magnitude type. This
catalog is complete for all study periods and for all
magnitude levels. Second, the earthquake catalog was
prepared for the period of 6 January 1970 to 31 December
2014 with a time length of about 44.70 years. A final a total

of 33,865 events with magnitudes =>1.0 and a depth
of <70 km in these coordinates from 1970—-2015 was
obtained.

3 Seismotectonic structure in the Eastern
Anatolian Region

The East Anatolian Fault Zone (EAFZ) is a transform fault
and forms the boundaries between the Arabian and African
plates and the Anatolian and the Eurasian plates. This zone
measures approximately 550 km in length and is a sinistral
strike-slip fault zone that comprises a series of faults
arranged parallel, subparallel, or obliquely and is generally
northeast-trending. The fault zone is thought to be a
conjugate structure to the North Anatolian Fault Zone
(NAFZ). The EAFZ starts at Karliova in the northeast and
reaches to Kahramanmarag in the southwest. It meets and
forms triple junctions with the NAFZ and the Dead Sea
Fault Zone (DSFZ), respectively (Bozkurt, 2001).

Another structure in this region is the DSFZ and is 1000
km long. This zone is a sinistral intraplate strike-slip fault
zone, in an approximate north-south direction. The DSFZ
is considered a plate boundary of transform type and
separates the Arabian Plate to the east and the African Plate
to the west (Sengor and Yilmaz, 1981). The African Plate
moves northward slower than the Arabian Plate. The
DSFZ takes up this dissimilar motion between the plates.
In regard to tectonics, the DSFZ combines the divergent
plate boundary along the Red Sea with the plate
convergence along the Alpine-Himalayan belt in southern
Turkey (Hempton, 1987). Thus, the DSFZ and EAFZ meet
in a triple junction between the Anatolian, African, and
Arabian Plates near Kahramanmaras.

The Eurasian and the Arabian Plates collide along the
Bitlis-Zagros Thrust Zone (BZTZ) resulting in the uplift of
mountains along the suture zone. The BZTZ is a complex
collisional boundary of continent-ocean and continent-
continent. This boundary reaches to the north of the fold-
and-thrust belt of the Arabian platform and extends from
southeastern Turkey to the Zagros Mountains in Iran
(Sengor and Yilmaz, 1981).

A north-south compressional tectonic regime is domi-
nant in the area east of the Karliova triple junction. This
region is characterized by two strike-slip faults types:
sinistral and dextral, running parallel to the North and East
Anatolian Fault Zones (Bozkurt, 2001). Compressional
basins with east-west trending give shape to the most
spectacular structures in the region although the conjugate
strike-slip fault system dominates the major tectonics of
Eastern Anatolia. Simplified neotectonic structures and
provinces modified from Bozkurt (2001) are given in
Fig. 1(a). Major tectonic structures in Eastern Anatolia
were updated by Saroglu et al. (1992) and Bozkurt (2001),
and plotted in Fig. 1(b). As seen in Fig. 1(b), there are
several major tectonics in the study area, including: Agr1,
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Fig. 1 (a) Simplified tectonic environments in and around Turkey demonstrating main neotectonic structures and provinces (replaced
from Bozkurt, 2001). K: Karliova, KM: Kahramanmaras. (b) Major tectonic faults in the Eastern Anatolia area of Turkey. Some city
locations are shown: AG: Agri, Ak: Askale, BN: Bingol, BT: Bitlis, DB: Diyarbakir, ELZ: Elazig, ERZ: Erzurum, EZN: Erzincan, HK:
Hakkari, IR: Igdir, K: Karliova, KM: Kahramanmaras, KR: Kars, Plm: Piiliimiir. Major structures were taken from Saroglu et al., (1992)
and Bozkurt (2001). Names of the faults: AF: Agri fault, AKF: Agkale fault, BF: Baskale fault, BFZ: Balikligélii Fault Zone, BZF: Bozova
fault, CF: Caldiran fault, CFZ: Cobandede Fault Zone, DFZ: Dogubeyazit Fault Zone, DSFZ: Dead Sea Fault Zone, ERF: Ercis fault, EZF:
Erzurum fault, GF: Geng fault, GFZ: Goyniik Fault Zone, HTF: Hasan-Timur Fault, IF: Igdir fault, KBF: Kavakbas1 Fault, KEZ:
Karacadag Extension Zone, KF: Kagizman fault, KKF: Karakogan fault, MLF: Malatya fault, MF: Malazgirt fault, MTZ: Mus Thrust
Zone, NEAFZ: North East Anatolian Fault Zone, OF: Ovacik fault, PF: Piliimiir fault, SF: Stiphan fault, SRF: Siirgii fault, SUFZ: Sancak-
Uzunpinar Fault Zone, YSFZ: Yiiksekova-Semdinli Fault Zone.

Askale, Baskale, Bozova, Caldiran, Ercig, Erzurum, Geng, Semdinli fault zones, Karacadag Extension, and Musg
Hasan-Timur, Igdir, Kagizman, Karakogan, Kavakbasi, Thrust zones. Epicenters of these earthquakes, as well as
Malatya, Malazgirt, Ovacik, Piiliimiir, Siiphan, and Siirgii  the 21 seismotectonic zones in the Eastern Anatolian
faults, Balikligdl, Cobandede, Dogubeyazit, GOyniik, Region, for this time interval are shown in Fig. 2.

North East Anatolia, Sancak-Uzunpinar, and Yiiksekova-
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Fig. 2 Seismic and tectonic sub-regions and the epicenters of 33,865 shallow (depth < 70 km) earthquakes with A, > 1.0 between 1970

and 2015.

4 Methods of analysis and their brief
descriptions

In this study, several important seismotectonic parameters,
such as the b-value of magnitude-frequency distribution of
earthquakes, Dc-value of fractal dimension of earthquake
occurrences, and Z-value of precursory seismic quies-
cence, are discussed in terms of variations in space and
time of seismicity in the Eastern Anatolian Region of
Turkey.

4.1 Gutenberg-Richter (G-R) relation (b-value) and
completeness magnitude (Mc-value)

Gutenberg-Richter (1944) described the relation between
magnitude and frequency of occurrence of earthquakes as a
power-law of size distribution of earthquakes. It can be
given as:

10g10N(M) = a—bM, (1)

where N(M) is the expected number of earthquakes with
magnitudes equal to or larger than M, b-value defines the
slope of the magnitude-frequency distribution, and a-value
is related to the seismic activity rate. The a-value shows
different values for different regions. These changes
depend on the length of the study area, observation period,
and number of earthquakes. The b-value for different
regions may change roughly from 0.3 to 2.0 and is a
measure of the proportion of larger to smaller events within
a set of earthquakes. However, Frohlich and Davis (1993)
stated that the regional scale estimates of the average b-
value are approximately equal to 1. The variations in b-

value can be a result from many factors, such as the
geological complexity and degree of heterogeneity of
cracked medium, strain, and stress conditions in the region.
Many factors can also cause variations in b-value: (i) b-
value decreases before a large earthquake, (ii) increases
prior to, and then decreases sharply, immediately before a
large earthquake, (iii) changes throughout an aftershock
sequence, and (iv) exhibits variation over large areas and
longtime intervals, not apparently related to large events
(e.g., Mogi, 1967; Wyss et al., 2001).

It is well known in the seismicity studies that magnitude
completeness, Mc-value, has been used as a significant
parameter, especially in the calculation of h-value in G-R
relationship. Using the maximum number of events is
necessary for high quality and suitable outputs. Mc-value
can be estimated by the assumption of G-R distribution
versus magnitude. A moving time window approach is
used to calculate the variation in Mc-value (Wiemer and
Wyss, 2000). Temporal variations of Mc-value can cause
wrong analyses in the estimation of seismicity parameters,
especially in b-value, if the magnitude completeness shows
systematically significant fluctuations as a function of time
and space. As a result, this type of completeness analysis
for the catalog used in this study is a significant process
because a part of this study uses Mc-value in the
calculation of b-value and Z-value.

4.2 Fractal dimension (Dc-value)

Earthquake distributions are considered fractal and fractal
dimension is a real number which measures the geometry
of a distribution and presumably varies as a function of
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time and space. Fractal analysis is often used to evaluate
the clustering properties and size scaling attributes of
seismotectonic parameters. Using the two-point correlation
dimension Dec, it is demonstrated that spatial and temporal
patterns of earthquake occurrence is fractal. Dc analysis is
a significant tool for quantifying the self-similarity of a
geometrical object. A further generalization leads to the
correlation dimension D¢ which is not based on a covering
of the regarded set, but on the distances between pairs of
points of the set (Goltz, 1998). An algorithm based on
distances between pairs of points, called sphere counting,
was introduced by Grassberger and Procaccia (1983). This
correlation dimension is among the most widely used.
Grassberger and Procaccia (1983) described the correlation
dimension Dc and the correlation sum C(7) as:

Dc = lii.r%[logC(r)/logr], 2)
and
C(r) = 2Nz, /N(N-1), 3)

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

C(r)~r", (4)

where Dc is a fractal dimension; more generally, the
correlation dimension. The distance 7 (in degrees) between
two earthquakes can be computed from:

r=cos ! (cos@icosﬁj + sin@isinQ,cos(@ﬂpj)) , B

where (6, ;) and (6, ¢;) are the latitudes and longitudes of
the /™ and j™ earthquakes, respectively (Hirata, 1989a).
Fractal dimension Dc is estimated from the slope of the
plotting graph C(r) against » on a double logarithmic
coordinate. The extremes of the finite range of scales
generate undesirable edge effects. When r is small, C(r) is
unaffected by the lack of points outside the cluster. Hence,
C(r) increases rapidly with », and Dc is large. Therefore, if
a scaling range using small values of 7 is used to calculate
Dec, strong clustering would correspond to an increase in
Dc. When r approaches the diameter of the cluster, the rate
at which C(r) increases with r decreases, and Dc will be
small. Hence, if a scaling range using large values of 7 is
used to calculate Dc, strong clustering would correspond to
a decrease in r. This implies that, depending on the range
of 7 chosen, a dense cluster of points can yield both high
and low values of Dc. In practice, fractal systems in nature
are self-similar over a finite range, so Dc must be estimated
from a range insensitive to the finiteness of the set.
Fractal distributions imply that the number of objects
larger than a specified size has a power law dependent on
the size. Fractal distributions are also the only distributions
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that do not include a characteristic length scale, and
therefore, are applicable to scale invariant phenomena. As
earthquake distributions obey fractal statistics, fractal
dimension can characterize them. Thus, the nature of
spatial and temporal characteristics of the earthquakes is
defined by correlation dimension. This parameter can be
estimated in order to find the possible unbroken sites which
have been mentioned as seismic gaps that may be broken
in the future (Kagan, 2007). That means that the variations
in fractal features depend on the complexity or quantitative
measure of the heterogeneity degree of seismic activity on
the fault systems. Higher Dc-value associated with lower
b-value is the dominant structural property in areas of
increased complexity of the active fault system and may be
a caused by the clusters. As a result, fluctuations in this
parameter may be an indication of stress changes on the
fault planes of smaller surface areas (Oncel and Wilson,
2002; Polat et al., 2008).

4.3 Method to decluster the earthquake catalog and a
description of the seismic quiescence method (Z-value)

The algorithm of cluster analysis “declusters” or decom-
poses an earthquake catalog into main and secondary
events (Arabasz and Hill, 1996). All dependent events
from each cluster can be removed with this process and
they can be substituted with a unique event. Extracting the
dependent events from the catalog is an important part of a
quantitative seismic quiescence analysis. In this study, the
Reasenberg (1985) algorithm is used to decluster the
earthquake catalog and separate the dependent from the
independent events. ZMAP software, introduced by
Wiemer (2001), is used for the declustering method
based on the algorithm developed by Reasenberg (1985).
After Wiemer (2001), many studies were conducted on the
seismic quiescence by using ZMAP software (e.g., Wyss et
al., 2004; Polat et al; 2008; Oztiirk, 2011, 2013, 2015;
Oztiirk and Bayrak, 2012).

In this study, the earthquake catalog is declustered with
the Reasenberg (1985) algorithm and is then used for
detecting the seismic quiescence areas. It has documented
33,865 earthquakes with magnitudes=1.0 between 1970
and 2015. For whole catalogs from 1970 to 2015, the
average Mc-value was estimated at 2.9 and the number of
earthquakes with a magnitude of Mp < 2.9 were found as
19,310. All events with magnitude Mp, < 2.9 are subtracted
from the catalog and thus, the number of events exceeding
this magnitude threshold is found as 14,555. Using the
declustering algorithm, 4087 (about 28%) earthquakes are
subtracted and about 69% of all earthquakes in total were
removed from the catalog. As a result, the number of
events for seismic quiescence analysis in the Eastern
Anatolia was reduced to 10,468. This declustered catalog
is accepted as the final version.

Numerous techniques have been used to identify and
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describe seismicity rate changes, many of which use
seismic quiescence phenomenon. The best known for
seismic quiescence analysis is the standard normal deviate
Z-test. The ZMAP technique is used to find regions
showing seismic quiescence (for details see Wiemer and
Wyss, 1994). This algorithm generates the Log Term
Average, LTA(¢), function for the statistical evaluation of
the confidence level in units of standard deviations:
Z(f) _ Rall _Rwl .
T, Twl

Nan Ny

where R, is the mean seismicity rate in the foreground
window, R, is the average number of earthquakes for the
entire background period, and ¢ and » are the standard
deviations and the number of samples, within and outside
the window. The Z-value computed as a function of time,
letting the foreground window slide along the time
duration of catalog, is called LTA (?).

5 Results of analyses and discussion

The main goal of this study is to investigate the
correlations between various seismotectonic parameters,
such as Gutenberg-Richter b-value, fractal correlation
dimension Dc-value, and seismicity rate changes Z-value
in the Eastern Anatolian Region. An analyses is performed
by plotting the histograms of the spatial, temporal, and
magnitude distribution during the time period of 1970 to
2015. It is well known that the earthquake seismicity and
fractal properties relationship characterizes the complex
properties and patterns of the earthquake seismicity. Thus,
a reliable statistical relationship between the seismotec-
tonic b-value and correlation dimension Dc-value is used
to estimate the potential for earthquakes in the Eastern
Anatolian Region. The study region is divided into 21
seismotectonic sub-regions to perform a detailed statistical
analysis between b and Dc-values, accomplished by
employing ZMAP software. The maximum likelihood
estimation is used to estimate the b-values, because it
yields a more robust estimate than the least-square
regression method (Aki, 1965). The Dc-values in all sub-
regions are found with 95% confidence limits by linear
regression.

The completeness magnitude Mc is one of the most
significant statistical parameters for many seismicity
studies and typically has a non-stable value in space and
time. It is a fact that the usage of the maximum number of
earthquakes for high quality results has a great importance
in seismicity analyses. The variations in Mc-value as a
function of time is made by using a moving window
approach with maximum curvature method (Woessner and
Wiemer, 2005). In order to estimate the Mc-value, the
earthquake catalog, including all 33,865 earthquakes with

Mp=1.0, is used and Mc is drawn with its standard
deviation for samples of 50 events/windows. Variation in
Mc-value with time is plotted in Fig. 3. Mc-value is quite
large until 1995 when it changes to between 4.0 and 4.6.
However, it varies from approximately 4.0 to 3.0 between
1995 and 2000 followed by an observed change between
2.5 and 3.5 from 2000 to 2010. Between 2005 and 2010,
the Mc-value is approximately 3, followed by a variance
between 3.0 and 2.0 after 2010. Because this study focuses
on the magnitude-frequency distribution of the earth-
quakes and the seismic quiescence analysis, Mc is of
significant importance. Consequently, Mc-value for this
region of Turkey changes between 2.4 and 3.0, which is in
accordance with the results of Oztiirk and Bayrak (2012).

1975 1980 1985 1990 1995 2000 2005 2010 2015

Year

Fig. 3 Changes in magnitude completeness, Mc-value, from
1970 to 2015 in the Eastern Anatolian region of Turkey. Standard
deviation (dMc) of the completeness is plotted with dashed line.
Completeness is illustrated with overlapping samples and each
sample contains 50 events.

Figure 4 shows the cumulative number of earthquakes
against time for the original catalog, including all
dependent 33,865 events with Mp>=1.0 and for the
declustered catalog, including 10,468 independent events
obtained from the original catalog including 14,555
earthquakes with Mp=2.9 between 1970 and 2015. As
seen in Fig. 4, no significant seismic activity is observed

35.000 t : : t * t ! *
‘ : ‘ = Original catalogue

= — Declustered catalogue

0 T T ¥ T ; T T T
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year

Fig. 4 Cumulative number of events as a function of time for the
original catalog, including all earthquakes with Mp>1.0, and for
the declustered catalog, including the events of Mp=>2.9 in the
Eastern Anatolian Region of Turkey.
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from 1970 to 1995, and there is a little variation between
1995 and 2000. Conversely, there is an important seismic
activity after 2000. The cumulative number of declustered
events with Mp=>2.9 as a function of time for the region
has a smoother slope than that of the original catalog. It can
be easily seen from Fig. 4 that Reasenberg’s declustering
method has removed dependent events from the original
catalog. As a result, the declustering algorithm provided a
more homogeneous, reliable, and robust earthquake
catalog.

The two estimated parameters with standard deviations
as well as tectonic environments, the number of earth-
quakes, and the completeness magnitudes for all seismo-
tectonic zones considered in this study are shown in
Table 1. Also, the figures showing the Mc-value, b-value,
and Dc-value estimations for each sub-region are plotted in
Fig. 5 and Fig. 6, respectively. As seen in Table 1 and
Fig. 5, the b-value varies from 0.66 to 1.60. The b-values
smaller than 1.0 are estimated in regions 1, 4, 5,9, 11, 12,
18, and 20, including NEAFZ, CFZ, IF, CF, DFZ, BF,
HTF, KBF, some areas of the BZTZ, KKF, SUFZ, GFZ,
and the southwest of the EAFZ. Moderate values between
1.0 and 1.1 are calculated in regions 3, 6, 13, 15, 19, and
21, covering AF, KF, BFZ, ERF, SF, the southern area of
the BZTZ, EAFZ, eastern area of the NAFZ, and the
northern area of the DSFZ. The largest b-value is
calculated as 1.60 in region 14, including KEZ and BZF.
The b-values changing between 1.1 and 1.2 are estimated
in sub-regions 2, 7, 8, 10, 16 and 17 consisting of AKF,
EZF, MF, MTZ, YSFZ, GF, SRF, PF, MLF, and OF. The
spatial variation of b-value is also mapped by considering
the spatial grid of points with a 0.05° grid, as shown in
Fig. 7. The geographical distribution of b-value is plotted
with a moving window approach by the samples of 300
events/windows and the declustered earthquake catalog,
where Mp=>2.9 was used for this estimation. Average b-
value is approximately equal to 1.0 as stated in Frohlich
and Davis (1993). The regions with greater h-values have a
higher frequency of low-magnitude earthquakes, whereas
the regions with small b-values are characterized by a high
frequency of large-magnitude earthquakes. Some areas of
the study region have relatively large b-values, which
could be interpreted as stress is more easily reduced with a
high frequency of small earthquakes. In this situation, it
could be explained by large heterogeneity (Polat et al.,
2008) and low stress distribution due to high heat flow. It is
well known that lower b-values indicate the higher stress
release. Thus, a low b-value in regions 1, 4, 11, and 12 may
be an indication of a low degree of heterogeneity, high-
strain due to the active tectonics and stress to build up over
time, and to be released by events that are less frequent, but
large in magnitude (Oncel and Wilson, 2002). As stated in
Prasad and Singh (2015), low b-values for a given region
may indicate the likelihood for the next possible earth-
quake which thus could be used to forecast major
earthquakes. However, in the regions where b-values are

Front. Earth Sci. 2018, 12(1): 215-236

large, this could be an indication of low stress release by a
large number of small earthquakes, and thus, geological
complexity is very high. As a general conclusion,
calculated b-values through the maximum likelihood
approach from the G-R method show a good correlation
to the tectonics and seismic activity. It follows then that
special emphasis must be given to these regions where b-
values are low.

Table 1 and Figure 6 also show the estimated Dc-values,
changing from 1.94 to 2.37, for all 21 seismotectonic zones
in Eastern Anatolia. Dc-values<2.1 are found in regions
7, 8, and 14, covering MF, MTZ, YSFZ, KEZ, and BZF.
Dc-values changing between 2.1 and 2.2 are found in
regions 2, 3, 5, 6, 9, 10, 13, 15, 16, 17, 19, 20, and 21
including EZF, AKF, CFZ, AF, KF, BFZ, HTF, BF, ERF,
SF, KBF, GF, KEZ, EAFZ, SRF, PF, MLF, OF, the eastern
area of the NAFZ, the southwest area of the EAFZ, and the
northern area of the DSFZ. The Dc-values are 2.2 in the
other sub-regions consisting of 1, 4, 11, 12 and 18. These
zones cover the NEAFZ, CFZ, IF, CF DFZ, and some
sections of the BZTZ, KKF, GFZ, and SUFZ. As seen in
Table 1, Dc-values in this region are generally greater than
2.1. The geographical distribution of Dc-value is also
given in Fig. 8 and plotted with a cell spacing of 0.05° in
latitude and longitude. As in the b-value spatial map, the
declustered catalog with Mp=2.9 is also used in this
calculation. Regions with complex fault patterns show
higher D¢ and lower b-values; thus the stress relaxation
occurs on fault planes of smaller surface scale (Oncel and
Wilson, 2002). Barton et al. (1999) stated that the faults
where earthquakes are caused by failure of isolated, small
asperities and occurred in clusters are related to the higher
b-value and lower Dc-value. High permeability and a
supply of pore fluids resulted in reduced effective stress in
these faults. Oztiirk (2011) stated that the higher order
fractal dimension (specifically > 2.2) in the North Anatolia
Fault Zone is increasingly sensitive to heterogeneity in the
distribution of magnitudes. However, Oztiirk (2015) used
this limit value as Dc=2.3 for the Western Anatolian
region. As seen in Table 1, average Dc-value is around
2.15 for the eastern region of Turkey. However, a few b-
values (for example, in regions 13 and 15) are > 1.0 in
some sub-regions which have Dc-values greater than 2.15.
For this reason, Dc-value of 2.2 is selected as average or a
threshold value for discussions. This value suggests that
seismicity is more clustered at larger scales (or in smaller
areas) in these regions. However, there are seven areas with
b-values < 1.0 in addition to observed Dc-values > 2.2 in a
few of these areas. These zones include NEAFZ and CFZ
(region 1), IF, CF, and DFZ (region 4), some sections of
BZTZ (regions 11 and 12), and KKF, GFZ, and SUFZ
(region 18). The higher Dc values (=2.2) and lower b-
values ( < 1.0) may be the dominant structural properties in
these regions and may arise due to clusters since the
uniform distribution of events decreases with an increase in
the clustering of events. It can also be an indication of
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Fig. 5 Gutenberg-Richter relationships and b-values. b-values and their standard deviations as well as the Mc-values are given.
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Table 1 Tectonic structures, earthquake numbers, Mc-values, b-values and Dc-values for different seismic source zones in the Eastern Anatolian

Region of Turkey

Region Tectonic Structures Earthquake Numbers ~ Mc value b-value Dc-value
1 North East Anatolian Fault Zone, Cobandede Fault Zones 632 2.7 0.83+0.16 2.21+0.04
2 Erzurum Fault, Askale Fault 1810 2.9 1.1540.09 2.144+0.06
3 Agr and Kagizman Faults, Balikligél Fault Zone 363 2.8 1.00+0.08 2.13+0.03
4 Igdir and Caldiran Faults, Dogubeyazit Fault Zone 593 2.8 0.86+0.07 2.204+0.06
5 Hasan Timur Fault, 636 2.7 0.9540.05 2.1740.03
6 Bagkale, Ercis and Siiphan Faults 8847 2.6 1.0540.07 2.1440.03
7 Malazgirt Fault, Mus Thrust Zone 805 3.0 1.1640.07 2.1040.02
8 Yiiksekova-Semdinli Fault Zone, 581 3.0 1.204+0.09 2.08+0.04
9 Kavakbasi Fault, 649 2.9 0.92+0.04 2.134+0.04
10 Geng Fault, 273 2.9 1.134+0.07 2.13£0.02
11 Some sections of the Bitlis-Zagros 452 2.9 0.66+0.04 2.37+0.03
12 Thrust Zone 361 2.7 0.86+0.05 2.2040.02
13 Karacadag Extension Zone, 578 2.7 1.08+0.06 2.16+0.04
14 Bozova Fault 1094 2.9 1.60+0.08 1.94+0.04
15 East Anatolian Fault Zone 5015 2.9 1.0040.02 2.16+0.06
16 Siirgii Fault 1307 2.9 1.1140.05 2.12+0.04
17 Pulimr, Malatya and 2177 27 1.140.03 2.1240.04
Ovacik Faults
18 Karakogan fault, Goyniik and Sancak- Uzunpimar Fault 3187 2.8 0.9240.02 2.204+0.05
Zones
19 Eastern part of the North Anatolian 1180 2.8 1.01£0.03 2.1440.03
Fault Zone
20 Southwest of the East Anatolian Fault Zone 936 2.6 0.954+0.07 2.19+0.04
21 North part of the Dead Sea Fault Zone 283 3.0 1.054+0.10 2.184+0.05
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Fig. 7 Regional distribution of b-value for the Eastern Anatolian
Region of Turkey. The declustered events with Mp=>2.9 are
plotted in white dots.

relatively high stress intensity and stronger clustering of
epicenters in these regions.

As mentioned above, one of the primary goals of this
study is to estimate a reliable statistical relationship
between two seismotectonic parameters b and Dc-values
for the Eastern Anatolian earthquakes. For this purpose,
the orthogonal regression method (Carrol and Ruppert,
1996) is used to determine the most suitable correlation
since the standard least square method is based on the
assumption that horizontal axis values are estimated
without error. The relationship of orthogonal regression
fit between b and Dc-values is shown in Fig. 9. Also, Dc-
value against b-value for orthogonal regression with fit
curve, the corresponding equation, and 95% confidence
interval are given in Fig. 9. Also shown in Fig. 9, a very
strong negative correlation coefficient (»=0.95) is calcu-
lated and the number of events in this confidence limit is
10. Linear regression fit is used and the following
relationship is obtained:

Dec = 2.55-0.39%b, (r = —0.95). (6)

A large number of studies on the correlation between b
and Dc-values can be found for different areas of the world
(e.g., Aki, 1981; Hirata, 1989a; Roy et al., 2011) and the
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Fig. 8 Regional distribution of Dc-value for the Eastern
Anatolian Region of Turkey. The declustered events with
Mp=2.9 are marked in white dots.

region of Turkey (e.g., Oncel et al., 1995, 1996; Oncel and
Wilson, 2002, 2007; Oztiirk, 2011, 2012, 2015). Since Aki
(1981) suggested a relationship between b and Dc-values
with a positive correlation D =3b/c (where ¢ is a constant
determined from the slope of the log moment against the
magnitude relation, ¢ is normally taken as 1.5), both the
negative (e.g., Hirata, 1989a; Oncel et al., 1995, 1996) and
the positive (e.g., Oncel and Wilson, 2004; Roy et al.,
2011) correlations between these parameters have been
reported for Turkey and different areas of the world.
Aki’s fractal dimension may be compared with the
correlation dimension, obtained from the spatial distribu-
tion of earthquakes. Hirata’s (1989a) result does not
support Aki’s speculation that D =3b/c. On the contrary,
there is a negative correlation as Dc=2.3—-0.73*b (with r
=— 0.77) between b and fractal dimension of epicenters in
the Tohoku Region of Japan. Similarly, a study of

seismicity in the North Anatolian Fault Zone of Turkey
revealed a long-term negative correlation between b and
Dc (Oncel et al., 1995). The b-value was found to be
weakly, negatively correlated with fractal dimension as Dc
=2.74—1.52%b (with r=— 0.56) for the NAFZ in Oncel
et al. (1995). Oncel et al. (1996) also investigated the
nature of temporal variations in the statistical properties of
seismicity associated with the NAFZ between longitudes
31°— 41°E and observed a strong negative correlation (»
=—0.85) as Dc=2.32—1.09%b. On the contrary, Oncel
and Wilson (2002) found a weak positive correlation (r=
0.48) between variations in b and Dc in the western NAFZ.
Analysis presented in Oncel and Wilson (2004) reveals a
strong positive correlation (#=0.81) along the NAFZ
during the time period of 1981 to 1998 preceding the 1999
Izmit earthquake. Oncel and Wilson (2007) observed a
strong positive correlation between Dc and b-values from
1992—-1994.4 (r=0.84) and 1996.6—1998.2 (r=0.94). A
negative correlation (r=— 0.71) extending from approxi-
mately mid-1994 to mid-1996 was observed in north-
western Turkey between 40.5° to 41° north latitude and
29° and 31° east longitude. As a result, estimated relation,
correlation coefficient, and the number of events in the
confidence limit obtained from orthogonal regression
supplies a reliable assessment for the seismotectonics of
the Eastern Anatolian earthquakes.

Estimated » and Dc-values, as well as the number of
earthquakes, minimum (M,,;,) and maximum (M,.x)
magnitudes, Mc-values, and a-values, observed annually
from 1970—1996, are given in Table 2. To evaluate the
seismic activity in time, the temporal distribution of all Mp
=1.0 earthquakes from 1970 to 2015 is illustrated in
Fig. 10. As seen in Table 2, there were four strong
events > 5.5 between 1970 and 1996, with many strong
events recorded after 1996. Magnitude-time analysis
shows an increase in the number of strong earthquakes
after 2000. Major earthquake events, characterized by

! 1 1

O Data
= Orthogonal regression fit
= = Confidence interval (95%)

0.6 0.8 1.0

T
1.2 14 1.6 1.8
b-value

Fig. 9 Estimated orthogonal regression fit for the relationship between b-value and Dc-value. Resulting equation, correlation coefficient,
and confidence interval of 95%, for the Eastern Anatolian Region of Turkey are also given. There are 12 events in the confidence interval

of 95%.
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temporal clustering, occurred between 1970 (Mp5.0) and
1985 (Mp5.0), 1991 (Mp4.8) and 1995 (Mp5.6), 1997
(Mp5.5), 1999 (Mp5.5), 2001 (MpS.5), 2002 (MpS5.6),
2003 (Mp6.4), 2004 (Mp5.5), 2005 (Mp5.9), 2007
(Mp5.6), 2010 (Mp6.0), 2011 (Mp6.6), and 2012
(Mp5.5). Temporal changes in Dc and b-values against
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time are given in Fig. 11. Time distribution of correlation
dimension is achieved to evaluate the possible temporal
changes in Eastern Anatolia from 1970 to 2015. Because
fewer earthquakes occurred between 1970 and 1996,
annual calculations were not made. As shown in Fig. 11, b-
values show a clear decrease in certain years, yet Dc-values
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0
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Fig. 10 Magnitude-time histogram for earthquake catalog of the Eastern Anatolian Region of Turkey between 1970 and 2015.

Table 2 Variations in the number of earthquakes, minimum (M,,,;,) and maximum (M,,,.x) magnitudes, Mc-values, a-value, b-value and Dc-value for

the Eastern Anatolian Region of Turkey in time intervals between 1970 and 2015

Year Earthquake Numbers Moin M ax Mec-value a-value b-value Dc-value
1970-1975 75 33 5.6 4.2 11.8 1.33+0.07 2.76+0.04
1976-1980 81 2.9 5.6 42 14.5 1.06+0.08 2.08+0.03
1981-1985 96 2.0 5.8 4.5 9.79 1.794+0.30 1.7240.03
1986-1990 90 23 5.4 43 8.65 1.61£0.20 1.1740.02
1991-1995 181 23 6.5 4.0 6.88 0.95+0.10 1.59+0.03
1996 143 24 4.7 35 5.49 1.02+0.09 2.1140.03
1997 187 2.3 5.5 3.4 5.27 0.96+0.08 1.70+0.02
1998 155 2.6 5.0 32 4.71 1.1540.08 2.0740.02
1999 206 2.6 5.5 3.4 5.82 1.10+0.09 1.7240.02
2000 305 2.4 5.2 3.0 5.02 1.19+0.07 2.60+0.02
2001 299 2.0 5.5 3.1 5.53 1.04+0.07 2.21+0.03
2002 409 2.2 5.6 3.1 6.11 1.19+0.07 2.02+0.03
2003 1427 2.3 6.2 3.0 7.22 1.49+0.04 2.82+0.06
2004 1350 2.3 5.5 3.0 6.91 1.3140.04 2.58+0.04
2005 1489 2.4 5.9 3.0 6.45 1.16+0.04 2.58+0.05
2006 723 2.5 4.8 3.0 6.67 1.32+0.06 2.04+0.04
2007 1330 24 5.6 2.9 6.62 1.07+0.07 2.24+0.06
2008 1156 24 5.1 2.9 7.01 1.43+0.05 2.17+0.04
2009 1404 22 5.0 2.9 7.24 1.49+0.05 2.07+0.03
2010 2445 2.0 6.0 2.7 7.12 1.05+0.09 2.734+0.07
2011 6587 1.1 6.6 2.7 6.58 1.09+0.02 2.46+0.05
2012 6096 1.0 5.5 2.5 6.29 1.15+0.03 2.28+0.06
2013 4264 1.0 5.2 2.5 5.95 1.17+0.06 2.21+0.06
2014 3403 1.0 4.6 24 5.86 1.074+0.03 2.374+0.02
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Fig. 11 Changes in two fundamental parameters b and Dc-values from 1970 to 2015 in the Eastern Anatolian Region of Turkey. Arrows
show the starting times in decreasing b-values and increasing Dc-values. Standard errors are also shown.

show a clear increase in the same years. These anomalies
are also clearly shown in Table 2 and by the arrows
displayed in Fig. 11. For instance, Dc-value tends to
increase, whereas the b-value tends to decrease, from 1990
to 1991. A stronger earthquake than that of 1990 occurred
between 1991 and 1995. This same type of change is also
observed between 2006 and 2007, 2009 and 2010, and
2013 and 2014. However, the same increase in magnitude
is not observed from 2013 to 2014. Many factors can affect
these parameters as stated above. In an active fault system,
stress relaxation occurs on fault planes of smaller surface
scale due to the relation between the lower b-values and the
higher Dc-values. The higher order fractal dimension is
increasingly sensitive to heterogeneity in the distribution
of magnitudes. This suggests that seismicity is more
clustered at larger scales (or in smaller areas) in Eastern
Anatolia. These fluctuations in b and Dc-values can also be
an indication of stress changes. Generally speaking, these
changes mean this type of variation in b and Dc-values
may be used for evaluating the next earthquake potential in
this region of Turkey.

In the scope of this study, another aim is to investigate
the seismic quiescence as a precursor at the beginning of
2015 in the Eastern Anatolian Region. To map the regional
variation of the standard deviate Z-value, the study region
is divided into a spatial grid of points with a distance of
0.05° in latitude and longitude. The nearest earthquakes, N,
at each node are takes as 50 events. The changes in the
seismic activity rate are then examined within a maximum
radius which changes by a moving time window T (or
iwl), stepping forward through a time series by a sampling
interval as described by Wiemer and Wyss (1994). To
maintain a continuous and dense coverage over time, the
population of the earthquakes is binned into numerous 28
day spans for each grid point. 7= 5.5 years is preferred as
the window length due to the increased visibility of the
quiescence areas for this time window. Each Z-value is
represented by a different color: the scale spanning from
the lowest Z-values, indicating no significant changes in

seismicity rate, is shown in black; and the highest values
indicating a decrease in seismicity rate, is shown in gray.
The computed Z-values are then contoured and mapped.
Declustered data with Mp=2.9 (10,468 events) was
used to create the regional variations of the standard
deviate Z-value at the beginning of 2015. Spatial
distribution of Z-value with 7T;~=5.5 years is mapped in
Fig. 12. The length of Ty for the Z-value map was obtained
by adding Ty~value to the time chosen as the beginning of
the “cut at” time as indicated at the top of Fig. 12. Thus, Z-
value changes are illustrated at the beginning of 2015. Six
anomaly regions of seismic quiescence are shown in
Fig. 12. These seismic quiescence regions are observed

(LTA); 1970.3031 to 2014.9992—cut at 2009.4992; iwl = 5.5 yr Z-value

36°E 37°E 38°E 39°E 40°E 41°E 42°E 43°E 44°E 45°E

Fig. 12 Regional changes of standard deviate Z-value at the
beginning of 2015 with Ty (iwl) equal to 5.5 years for the Eastern
Anatolian Region of Turkey. White dots show the declustered
events with Mp=>2.9. Significant quiescence anomalies detected at
the beginning of 2015 are given as regions A (around NEAFZ,
AKF and EZF), B and C (including PF and KKF), D (between
MLF and EAFZ), E (around GF), and F (around YSFZ). These
regions with clear quiescence are important for estimating future
seismic hazards and may show the locations of future earthquakes
in the study region.
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around the NEAFZ, Askale and Erzurum faults (region A),
including Piiliimiir and Karakogan faults (regions B and
C), between the Malatya fault and EAFZ (region D),
around the Geng fault (region E), and the Yiiksekova-
Semdinli fault zone (region F). In addition to geographical
distributions of Z-value for different Ty~values, regional
variability of Z-values is shown in Fig. 13 and created
annually from 2000 to 2015 by adding T~= 5.5 years to the
“cut at” times. In this presentation, the main goal is to map
the temporal changes of spatial variation of Z-value. The
quiescence anomalies detected in Fig. 12 are more visible
for Ty=5.5 years, as stated above, and thus, this length of
this window is preferred for mapping the spatial variation
of the seismicity rate changes in time. A decrease in
seismicity is clearly observed in different time slices of Z-
value between 2000 and 2015. Quiescence anomalies were
observed for the “cut at” times between 2000 and 2003
(Figs. 13(a)—13(d)) in the northern (in Black Sea),
northeastern (including Caucasus), and southern areas
(southeast parts of Turkey) of the study region. There is
also a small quiescence area in the northeastern section of
Lake Van in these time slices. However, seismic
quiescence anomalies in the northern area of the study
region were not observed at the “cut at” times of 2002 and
2003. Another anomaly is located in and around Lake Van
for the time slices between 2004 and 2006 (Figs. 13(e)—13
(g)). From the “cut at” time of 2007 (Fig. 13(h)), seismic
quiescence regions associated with the beginning of 2015
began to appear in all areas of the study region. As seen in
Figs. 13(h)—13(j), there were no significant seismic
quiescence anomalies until 2012.5 (cut at time is 2007)
for the regions shown in Fig. 12. The significant
occurrence of earthquakes, such as 2000 Van, 2003
Tunceli, 2003 Bing6l, 2004 Erzurum, 2005 Hakkari,
2004, 2010 Elazig, and 2011 Van, indicates that seismic
activity will continue. Seismic quiescence is not identified
until this time period. However, these one-year maps show
some clear quiescence regions after 2012, located
approximately in the center of regions A, B, C, D, E,
and F. As a result, the temporal variation of the spatial
distribution of Z-value can be considered a successful tool
for characterizing the beginning of quiescence.

As suggested in the studies of nonlinear time series
analysis, these methods require data to be set up in a long
data format at high quality. Kember and Fowler (1992)
stated that following the reports of low dimensional
dynamics in such complicated time series, the accurate
estimation of attractor dimension requires exponentially
long time series. They plotted the correlation integral using
1000 points and 5000 points, resulting in a more accurate
result with the 5000 point calculation. However, as stated
in Goltz (1998), the correlation dimension is more accurate
for small data sets because it weighs heavier in those
regions of embedded space that contain data (Grassberger
and Procaccia, 1983). Also, Dc should be generally

preferred if the expected fractal dimension is high
(Smith, 1988). In addition, smaller data sets can be
adequate if relative to the Dc values. As given in Table 1
and Table 2, the number of earthquakes for the calculation
of Dc-values varies from 75 to 8847. These sample sizes
seem to be sufficient for a relative estimation of correlation
dimension. As a result, the well-known Grassberger and
Procaccia correlation integral calculation algorithm is used
to estimate fractal dimension because of its computational
simplicity and most used for estimating the fractal
dimension of processes with smaller data sets (Matchar-
ashvili et al., 2000).

Matcharashvili et al. (2000) made a qualitative and
quantitative evaluation of dynamical properties of Cauca-
sian region earthquake time and size distributions. For this
purpose, they achieved the nonlinear time series analysis of
inter-event time intervals and magnitude sequences from
the corresponding catalog using the Grassberger and
Procaccia (1983) correlation integral calculation algorithm.
They performed their analysis for time series of the whole
Caucasus (11,683 events), the Greater Caucasus (3515
events), and the Javakheti Region (6694 events) from
1962 —1993. Their results suggest the possibility of using
non-statistical methods for prediction of earthquake time
distribution, although further investigation is needed to
reveal the precise nature of the low dimensional structure.
However, their results do provide additional findings that
the earthquake generation process neither random nor
unpredictable in relation to space and time distribution
domains. However, as stated in Matcharashvili et al.
(2000), well-known scaling laws of earthquake time and
size distributions have different underlying dynamics. The
process cannot be identified as low dimensional chaos, and
thus requires additional study. Consequently, in terms of
possible forecasting of earthquake hazard potential,
correlation dimension of earthquake distribution in the
EAFZ is of significant importance as it is an efficient
method for evaluating seismic risk and hazard.

Polat et al. (2008) achieved a seismic hazard analysis of
the Aegean extension region of Turkey by using Guten-
berg-Richter b-value, fractal dimension Dc-value, and
seismic quiescence Z-value. Their analysis presents a
significant hazard potential based on these types of size
scaling parameters. They stated that the sites of greater Z-
values and smaller b-values could be considered as the
most probable areas for next events. Further evidence of
these types of relations between Z and b-values are found
in Oztiirk and Bayrak (2012). These findings are also
supported by findings that a decrease in b-value is related
to an increase in stress release. In the present study, the
lower b-values are observed in regions 4, 5, 9, 11, 12, and
18, whereas higher Z-values are observed in regions 2, 8,
11, 17, and 18. Given the combination of these parameters,
regions 11 and 18, which cover Geng, Karakogan, and
Piilimiir faults, should be considered as high risk for
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Fig. 13  Annual regional changes of standard deviate Z-value between 2000 and 2015 using the declustered events (white dots) with
Mp=2.9. Ty (iwl)=5.5 years is selected as the length of time. Positive Z-value (gray color) represents the decrease in seismicity. “Cut at”
times for Z-value distributions are considered for; (a) 2000, (b) 2001, (c) 2002, (d) 2003, (e) 2004, (f) 2005, (g) 2006, (h) 2007, (i) 2008,

and (j) 2009.

potential earthquake occurrences.

Oztiirk et al. (2008) evaluated earthquake hazards for
different regions of Turkey using Gumbel’s I method.
They made a quantitative appraisal of parameters, such as
the mean return period, the probable maximum magnitude,
and the probability of a major earthquake occurrence for a
given magnitude in different periods, such as 10, 25, 50,
and 100 years in 24 different regions, including Region 1:
the Northeast Anatolian Fault Zone, Region 2: Igdur,
Kagizman, Tutak, and Caldiran faults, Region 3: Malaz-
girt, Ercig, and Siiphan faults, and the Mus Thrust Zone,
Region 4: Bitlis-Zagros Thrust Zone, Region 23: Ovacik
and Malatya faults, and Region 24: covering the Eastern
section of the North Anatolian Fault Zone, which are
updated to provide a detailed comparison at a smaller
scale. Oztiirk et al. (2008) calculated the mean return
period values for earthquakes with Ms=6.0 in their
regions of study per the following: their Region 1,
covering the NEAFZ, AKF, EZF, and CFZ (Regions 1

and 2 in this study) is equal to 33.8840.22 years; their
Region 2, including IF, KF, AF, CF, BFZ, and DFZ
(Regions 3 and 4 in this study), as 37.15+0.86 years; their
Region 3, covering HTF, BF, ERF, MF, and SF (Regions 5,
6, and 7 in this study), as 104.71+7.29 years; their Region
4, including YSFZ, KBF, BZTZ, GF, and MTZ (Regions 8,
9, 10, 11, and 12 in this study), as 34.671+3.97 years; their
Region 7, consisting of the southwest section of EAFZ and
the northern area of DSFZ (Regions 20 and 21 in this
study), as 93.33+15.16 years; their Region 23, including
PF, MLF, OF, and SRF (Regions 16 and 17 in this study),
as 107.15£53.69 years; and their Region 24, including the
eastern area of NAFZ, SUFZ, KKF, and GFZ (Regions 18
and 19 in this study), as 57.5441.33 years. Considering the
mean return periods for the earthquakes with magnitudes
between 6.0 and 7.0 from Oztiirk et al. (2008), the regions
of NEAFZ, CFZ, IF, DFZ, CF, GF, PF, SUFZ, KKF, and
GFZ have the highest potential for the next earthquake
occurrence. Based on these results, the next major
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earthquake occurrence can be expected sometime in 2017.

Oztiirk (2009) completed an earthquake hazard evalua-
tion study in the Eastern section of Turkey by using
standard deviate Z-value. He used several recent earth-
quakes larger than 5.0, during the time interval of 1970 and
2005 and estimated the duration of precursory seismic
quiescence between 36°E and 45°E in longitude and 36°N
and 42°N in latitude. He analyzed three earthquakes for the
Van Region, two for the Tunceli Region, seven for the
Bingol Region, four for the Malatya Region, two for the
Erzurum Region, and two for the Elazig Region. Results
from Oztiirk (2009) show an average period of 5.041.5
years of precursory quiescence before the occurrence of a
strong earthquake in this region. Considering the fact that
observations of precursory quiescence began around 2012,
and that the duration of seismic quiescence averages
approximately five years, the next earthquake occurrence
in the anomaly regions (regions A, B, C, D, E, and F in this
study) can be expected in 2017. However, one can
conclude that this prediction may extend into 2018 due
to the standard deviation of seismic quiescence as +1.5
years.

Oztiirk and Bayrak (2012) made a statistical assessment
for the eastern region of Turkey at the beginning of 2009
by considering the seismic quiescence phenomenon. Their
analyses gave some interesting results, showing seismic
quiescence and occurrence of two earthquakes in two of
the four anomaly regions studied; one being the 2010
Elazig earthquake and the other the 2011 Lake Van
earthquake. In addition to the anomaly regions of Oztiirk
and Bayrak (2012), two new quiescence regions are
observed in this study; one around YSFZ (region 8) and the
other between EAFZ and MLF (region 17). However,
similar seismic quiescence was observed in and around
AKEF, EZF, PF, GF, and KKF. From this point of view, it is
predicted that these anomaly regions, in which seismic
quiescence was observed at the beginning of 2015, could
experience a major earthquake in 2018. As a result, the
data, and therefore the results for Z-values in the present
work, are more up-to-date. Thus, these types of seismicity
behaviors may be an important tool for forecasting the
future earthquake occurrences.

Based on these observances, the regional and temporal
evaluation of earthquake occurrences in recent years in
Eastern Anatolia may be valuable evidence of future
earthquake hazards. For this purpose, seismotectonic
parameters, such as b and Dc-values, and seismic
quiescence Z-value and their correlations, should be
evaluated more sensitively to estimate the anomaly regions
before the occurrence of any future major earthquake.
Current seismic quiescence areas were observed at the
beginning of 2015, with agreement of results for all
parameters. The last earthquake “My, = 5.5- Bing6l, 03
December 2015, at 01:27:06 UTC” occurred in one of the
eastern regions of Turkey with a high hazard potential
(around region C in Fig. 12). Due to the fact that the
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earthquake catalog and sub-regions are now more detailed
and the anomaly regions have been updated, special
interest should be given to the other anomaly regions.

6 Conclusions

A statistical assessment on the correlation between the
Gutenberg-Richter b-value and the fractal dimension Dc-
value has been made and the recent variations in seismic
activity at the beginning of 2015 were evaluated by using
the precursory seismic quiescence Z-value. For this
purpose, this paper focuses on the regional and temporal
properties of the earthquake distributions in the Eastern
Anatolian Region of Turkey. Average completeness
magnitude for this entire region, from 1970 to 2015, was
calculated as 2.9. The region was divided into 21 different
seismic source zones to make a detailed analysis. An
increase in the seismicity was observed after 1996, and
more importantly, fluctuations in the number of earth-
quakes with magnitudes greater than 5.5 were recorded
after 2000. Hence, seismicity is more clustered at larger
scales (or in smaller areas). There are clear fluctuations in
temporal changes of b and Dc-values, and it thus can be
assumed that future major earthquakes will occur. Because
the lower b-values are related to the higher Dc-values, the
North East Anatolian Fault Zone, Askale, Erzurum, Igdir,
and Caldiran faults, Dogubeyazit Fault Zone, around the
Geng fault, the western area of the Bitlis-Zagros Thrust
Zone, Piilimiir and Karakocan faults, and the Sancak-
Uzunpmar Fault Zone having b-values smaller than 1.0
should be of significant interest. The orthogonal regression
is also preferred in order to obtain a more up-to-date and
reliable empirical relation between b and Dc-values. The
relationship of Dc = 2.55—-0.39%b is estimated with a very
strong negative correlation (r = —0.95) for the Eastern
Anatolian earthquakes.

Spatial distribution of the seismicity rate changes, using
the standard deviate Z-test generating LTA(?) function, was
mapped with a moving time window 7j~=5.5 years, and
the Z-value distribution at the beginning of 2015 was
plotted. Six anomaly regions of seismic quiescence were
observed: around the North East Anatolian Fault Zone,
Asgkale and Erzurum faults, around the Yiiksekova-
Semdinli Fault Zone, around Geng fault, including the
Karakogan and Piilimiir faults, and between the Malatya
and East Anatolian Fault Zone. However, the regions
having lower b-values and higher Z-values cover the Geng,
Karakogan and Piiliimiir faults. As a significant result, the
correlations between these seismotectonic parameters can
supply significant evidence in order to evaluate the
earthquake hazard potential in the Eastern Anatolian
Region of Turkey.
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