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Abstract

Characteristics of seismic activity along the North Anatolian Fault
Zone are analyzed between 1970 and 2010. Magnitude completeness
changes between 2.7 and 2.9 in the North Anatolian Fault Zone. The
frequency-magnitude distribution of earthquakes is well represented with
a b-value typically close to 1. A clear decrease in temporal distribution of
b-value is observed before the strong main shocks. Correlation dimen-
sion values are relatively large and the seismic activity is more clustered
at larger scales in the North Anatolian Fault Zone.

A statistical assessment is made in order to detect the current seis-
mic quiescence anomalies in the beginning of 2010. Eight significant
anomalous zones throughout the North Anatolian Fault Zone are
detected. These are centered at: (1) 41.08°N-28.58°E (around Silivri),
(2) 41.47°N-29.51°E (in the Black Sea), (3) 40.69°N-29.78°E (including
Izmit), (4) 40.26°N-26.46°E (around Gelibolu, Canakkale), (5) 40.59°N-
31.03°E (including Duzce fault), (6) 40.86°N-35.30°E (around Amasya),
(7) 39.48°N-39.74°E (around Erzincan), and (8) 39.06°N-40.50°E (around
Bingol).

Key words: North Anatolian Fault Zone, seismic activity, fractal analy-
sis, decluster, seismic quiescence.
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1. INTRODUCTION

The space-time distribution of seismic activity and tectonics of the North
Anatolian Fault Zone (NAFZ) in Turkey and different parts in the World
have been investigated statistically and physically by many authors and
some significant results have been obtained (e.g., Utsu 1971, Habermann
1983, Frohlich and Davis 1993, Wiemer and Wyss 2000, Ambraseys 2002,
Huang et al. 2002, Yilmaz et al. 2004, Awad et al. 2005, Kutoglu and Akcin
2006, Kutoglu et al. 2008, Oztiirk et al. 2008). The NAFZ is a major tectonic
feature with a well-defined fault trace and an established history of seismici-
ty. Because of topography and water resources, the fault zone is a relatively
densely populated, agricultural area dotted by many villages and small
towns. Most of the intermediate and large magnitude earthquakes occurring
along the North Anatolian Fault (NAF) have produced surface breaks. Activ-
ity of the NAF during the 20th century began with the destructive Erzincan
earthquake in 1939 in northeast Turkey and migrated westwards by a series
of earthquakes in 1942, 1943, 1944, 1951, 1957, and 1967 (Toks6z et al.
1979, Barka 1996).

At the turn of the previous century, two destructive earthquakes occurred
on the western continuation of the NAFZ in northwestern Turkey. The
17 August 1999, My 7.4, Izmit earthquake ruptured the NAFZ along
a 145-km segment (Barka et al. 2002), which extended from Golyaka, Duzce,
in the east, through the Izmit Bay into the Sea of Marmara in the west. The
12 November 1999, My, 7.2, Duzce earthquake ruptured a segment about
41-km long, further to the east (Biirgmann et al. 2002). These two earth-
quakes are the latest in a sequence of large events that have ruptured an
approximately 1000-km long section of the NAFZ.

In the present study, our main goal is to analyze the spatial and temporal
properties of seismicity pattern in the North Anatolian Fault Zone in order to
better understand the seismic hazards in this significant area. For this pur-
pose, this study addressed the mapping of size-scaling distributions (e.g.,
spatial, temporal and magnitude distribution of seismic activity, complete-
ness of magnitude, Mc, and b-values with time, seismic quiescence Z-value,
fractal dimension, Dc) in the regional scale, and the correlation of results
with the structural elements which carry high risk for the region.

2. DATA AND TECTONICS

OF THE NORTH ANATOLIAN FAULT ZONE
A part of the database used in this study is taken from Oztiirk (2009). He de-
veloped some relationships between different magnitude scales (body wave
magnitude, m,, surface wave magnitude, Ms, local magnitude, M;, duration
magnitude, Mp) in order to prepare a homogenous and complete earthquake
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catalogue from different data sets. For this purpose, he used the catalogue
data from the website of the International Seismological Centre (ISC) for the
time period from 1970 to 1973 and Bogazici University, Kandilli Observato-
ry and Research Institute (KOERI) for the time interval 1974 and 2005. Also
different catalogues, such as National Telemetric Earthquake Observatory
Network (TURKNET), Incorporated Research Institutions for Seismology
(IRIS) and TUBITAK are used in order to obtain some unknown earth-
quakes. Oztiirk (2009) prepared an instrumental data catalogue including M)
magnitude using these relationships. This catalogue for duration magnitude
includes 73 530 earthquakes whose magnitudes are equal to or larger than
1.4, which occurred in Turkey between 1970 and 2005. For the period be-
tween 2006 and 2010, KOERI catalogue is also used. Seismological Obser-
vatory of KOERI, which has computed the size of all earthquakes with Mp
(in general Mp > 3.0), provides the real time data with the modern on-line
and dial-up seismic stations in Turkey, especially after 2000. Thus, we used
the M) scale for more reliable results and we did not prefer to calculate new
empirical values of different magnitude types. With regard to the accuracy of
the seismic catalogue used in the present study, we can say that for earth-
quakes since the 1970s, errors in the epicenters are within 0-15 km and the
errors in the magnitudes within 0.2, while the corresponding errors for the
earthquakes prior to the 1970s are 0-30 km in epicenters and 0.5 in the mag-
nitudes (Bogazici University home page, http://www.boun.edu.tr/).

Oztiirk (2009) used the empirical relations in order to get a homogenous
and complete catalogue from 1970 to 2005 and this smaller magnitude level
Mp>1.4 1is so obtained. In general, KOERI gives M; magnitude for the
local earthquakes with missing Mp magnitudes. In the situation that M) is
unknown in KOERI catalogue for the period between 2006 and 2010, Mp
magnitudes are calculated using the relationships from Oztiirk (2009) and
18 077 earthquakes are obtained for this time interval in and around Turkey.

The bounds of the region analyzed in this study are provided from
Oztiirk (2009). He divided Turkey into different 24 source regions consider-
ing the different previous zonation studies for seismic hazard modeling in
Turkey, plotting the existing tectonic structure with the epicenter distribution
of earthquakes, and solution of focal mechanism given by TUBITAK for the
great earthquakes that occurred in Turkey between 1977 and 2002
(http://www.mam.gov.tr/enstituler/ydbe/index.html). Since Oztiirk (2009)
made a detailed zonation, part of these seismic source zones is considered as
the study region. The North Anatolian Fault Zone (regions 20, 21 and 24 in
Oztiirk 2009) is selected as an area of investigation in this study. According
to Oztiirk (2009), region 20 (region 1 in this study) covers the Marmara part
of the North Anatolian Fault Zone (MNAFZ), region 21 (region 2 in this
study) is the Anatolian part of the North Anatolian Fault Zone (ANAFZ) and
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Fig. 1. Active tectonics and seismic source zones in the North Anatolian Fault Zone
(NAFZ). Tectonic structures were modified from Saroglu et al. (1992) and the seis-
mic regions from Oztiirk (2009). Zones are marked: 1 — Marmara part of the NAFZ,
2 — Anatolian part of the NASF, 3 — Eastern part of the NAFZ. Names of faults:
IS stands for Ismetpasa segment, EF — Ercis Fault, DBFZ — Dogu Beyazit Fault
Zone, NEAFZ — North East Anatolian Fault Zone, MTZ — Mus Thrust Zone, KF —
Kagizman Fault, SF — Sultandagi Fault, SFZ — Simav Fault Zone, SGF — Saros-
Gazikoy Fault, IDFZ — Inonu-Dodurga Fault Zone, MF — Malatya Fault, YGF —
Yenice-Gonen Fault, MSF — Manyas Fault, GG — Gediz Graben, DF — Duzce Fault,
TLF — Tuz Lake Fault, OF — Ovacik Fault, EF — Ezinepazar1 Fault. Colour version
of this figure is available in electronic edition only.

region 24 (region 3 in this study) is the eastern part of the North Anatolian
Fault Zone (ENAFZ). The major tectonic structures of the region adopted
from Saroglu et al. (1992) and the zones from Oztiirk (2009) are shown in
Fig. 1 (One can find all details for the relationships of Ms magnitude and all
seismic zonations in Bayrak et al. 2009).

After the selection of the study region as the North Anatolian Fault Zone,
the earthquake data in this region is prepared. In this stage, the earthquakes
between the time interval 2006 and 2010 for regions 1, 2, and 3 are selected
from the whole catalogue. There are a total of 2804 events in these three re-
gions between 2006 and 2010. The time interval considered for the present
work is 1970 to 2010. The catalogue is homogeneous for duration magnitude
and complete for whole study period and for all magnitude levels. Thus, the
final data catalogue for region 1 (9884 events), region 2 (4669 events) and
region 3 (2645 events) consists of 17 198 earthquakes in total (depth <70 km)
with magnitudes greater than or equal to 1.4. Epicenter distributions of
whole earthquakes (Mp=>1.4) and the principal main shocks (Mp=>5.5) in the
study region are shown in Fig. 2. All details of Mjp>5.5 earthquakes are
also given in Table 1.

The North Anatolian Fault is recognized as one of the most seismically
active strike-slip faults in the World. This transform fault zone forms the part
of the boundary between the Eurasian Plate to the north and Anatolian Plate
to the south, being sub-parallel to the Black Sea coast. The NAFZ extends
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Fig. 2. Epicenter distributions of all earthquakes with Mp>1.4 and depth <70 km
in the North Anatolian Fault Zone between February 1970 and December 2009.
Stars represent the principal main shocks with Mp>5.5. Colour version of this fig-
ure is available in electronic edition only.
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Table 1
Some information of earthquakes occurred in study region with magnitude Mp>5.5
Date OrtllgHrLTI:le Longitude | Latitude ]?lfg]h Mp Region | Location
27 Mar 1975 | 051508 26.12 40.45 15.0 5.7 1 Gelibolu
13 Mar 1992 | 17 1839 39.63 39.72 23.0 6.5 3 Erzincan
15Mar 1992 | 161625 39.93 39.53 29.0 6.0 3 Tunceli
05 Dec 1995 | 184932 40.22 39.35 33.0 5.6 3 Tunceli
14 Aug 1996 | 015503 35.29 40.74 17.0 5.6 2 Amasya
08 Mar 1997 | 2301 58 35.44 40.78 5.0 6.0 2 Amasya
17 Aug 1999 | 00 01 37 29.97 40.76 18.0 6.7 1 Izmit
13 Sep 1999 | 115528 30.10 40.77 19.0 5.8 1 [zmit
12 Nov 1999 16 57 21 31.21 40.74 25.0 6.5 2 Duzce
06 Jun 2000 | 0241 49 32.99 40.70 5.0 5.6 2 Cankiri
27 Jan 2003 | 0526 08 39.77 39.48 5.0 6.1 3 Tunceli
01 May 2003 | 0027 04 40.46 39.01 5.0 6.2 3 Bingol
12 Mar 2005 | 07 36 09 40.85 39.39 4.0 5.6 3 Bingol
14 Mar 2005 | 015555 40.88 39.35 5.0 5.9 3 Bingol

from the Gulf of Saros in the northern Aegean Sea to the town of Karliova in
Eastern Turkey for 1200 km, paralleling roughly the southern Black Sea
shores and keeping a fairly regular distance of some 100 km to the coast
(Sengdr et al. 2004). The dextral shear associated with the NAF continues
across the northern Aegean, crosses northern and central mainland Greece as
a broad shear and eventually links up with the Hellenic subduction zone.
This fault zone is also characterized by several second order faults that splay
from it into the Anatolian Plate (Bozkurt 2001). In general, while the fault
exhibits strike-slip faulting with reverse component in the east owing to con-
stricting of the Arabian plate, by converse, the western part shows normal



214 S. 0ZTURK

component due to interaction of the Aegean extensional regime. The NAFZ
accommodates 24-30 mm/year of dextral motion (Reilinger et al. 1997). It
has been estimated that its cumulative displacement of the fault varies from
40 km to a few hundred meters. The North Anatolian fault has experienced
many damaging earthquakes during the past 60 years. The Karliova section
has ruptured during two successive earthquakes on 19 and 20 August 1966,
M6.8 and M 6.2, respectively (Ambraseys and Zatopek 1968, Ambraseys
1988a, b). The Erzincan earthquake of 26 December 1939 (M 7.9 to 8.0) is
one of the greatest earthquakes that occurred in Turkey. This earthquake has
played role as a trigger to the other earthquakes of the 1939-1967 sequences
occurred in a westward progression: 20 December 1942 Erbaa-Niksar
(M7.1), 26 November 1943 Tosya (M 7.6), 1 February 1944 Bolu—Gerede
(M17.3), 13 August 1951 Cankir1 (M 6.9), 26 May 1957 Abant (M 7.0), 22 Ju-
ly 1967 Mudurnu valley (M 7.1). The earthquakes that occurred in recent
years in the NAFZ are: 13 March 1992 Erzincan (M 6.8), 17 August 1999
Izmit (M7.4), and 12 November 1999 Duzce (M 7.2) earthquake, respectively
(Bozkurt 2001).

3. BRIEF DESCRIPTION OF THE METHODS USED

The behavior of seismic activity analyzed in this study is restricted to shal-
low events (<70 km). The 70 km maximum depth is adopted in this study
since, in general, the seismogenic layer is suggested to be only 35-40 km
thick for western Turkey (Ozacar et al. 2009); however, on the basis of
errors in hypocentral location, the less stringent lower limit of 70 km is
adopted. In order to characterize the seismic behavior, a number of statistical
parameters are used; namely size-scaling parameters (such as slope of recur-
rence curve b-value), temporal and spatial distribution of earthquakes with
characteristics of fractal correlation dimension, D¢, and seismic quiescence
Z-value as well as the histograms of temporal, spatial and magnitude distri-
bution along the North Anatolian Fault Zone.

Seismic b-value (magnitude-frequency relation)
and completeness magnitude, Mc

The frequency-magnitude distribution (Gutenberg and Richter 1944) de-
scribing the relation between the frequency of occurrence and magnitude of
earthquakes can be given as

log,, N(M)=a—-bM )
where N(M) is the expected number of events which occur during a given
time period in relation to their magnitudes, M. The parameters a and b are

constants. The a-value shows the activity level of seismicity. The b-value is
the slope of the frequency-magnitude distribution. The a and b-values are
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calculated empirically from seismic catalogues. The parameter a exhibits
significant variations from region to region as it depends on the period of
observation and the length of the considered area as well as the size of earth-
quakes. However, estimates of b-value imply a fractal relation between fre-
quency of occurrence and the radiated energy, seismic moment, or fault
length, and this is one of the most widely used statistical parameters to de-
scribe the size scaling properties of seismicity. Utsu (1971) summarized that
b-values change roughly in the range from 0.5 to 1.5, depending on the dif-
ferent region. However, on average, the regional scale estimates of h-value
are approximately equal to 1 (Frohlich and Davis 1993). The b-value can be
estimated from the maximum likelihood method (Aki 1965)

b=2303/(M,_, —M, +0.05), )

where M., and M., are the mean magnitude of events and the minimum
magnitude of completeness in the earthquake catalogue, respectively. The
value 0.05 in eq. (2) is a correction constant. The 95% confidence limits on

the estimates of h-value are +1.96 b/\/; , where n is the number of earth-

quakes used to make the estimate.

The minimum magnitude of complete recording, Mc, is an important
parameter for many studies related to seismicity. In seismicity studies, it is
frequently necessary to use the maximum number of events available for
high-quality results. Estimating of Mc can be made by the assumption of
Gutenberg—Richter’s power-law distribution against magnitude (Wiemer and
Wyss 2000). In order to investigate the seismic quiescence and the frequen-
cy-magnitude relationship, the change of Mc as a function of time is deter-
mined using a moving window approach with maximum likelihood method.
Magnitude completeness in the catalogues varies systematically as a function
of space and time, and the temporal variations can potentially result in a
wrong value of seismicity parameters, especially in b-value. Because the
network may be improved after the main shock and during the first highest
activity, small shocks may not be located since they fall within the coda of
larger events; and Mc will be higher in the early part of the earthquake cata-
logue (Wiemer and Katsumata 1999). Since part of this study deals with the
seismicity rate change and not of energy or moment release, the magnitude
of completeness of the catalogue used to detect the quiescence is an impor-
tant parameter because this changes regionally, depending on the seismic
activity of the area under investigation and the detectability of the network.

Fractal dimension, Dc

Earthquake distributions are considered fractal, but indirectly. Fractal distri-
butions imply that the number of objects larger than a specified size has
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a power law dependence on the size. The fractal distributions are the only
distributions that do not include a characteristic length scale, and therefore,
are applicable to scale invariant phenomena. Spatial patterns of earthquake
distribution and temporal patterns of occurrence are demonstrated to be frac-
tal using the two-point correlation dimension, Dc. The correlation dimension
measures the spacing or clustering properties of a set of points. The correla-
tion integral method was developed by Grassberger and Procaccia (1983)
and correlation dimension, Dc, is obtained from the following equations:

Dc = 1ri£13[10g C(r)/logr] , 3)

C(r)=2N,.,./[N(N-1) , 4

where C(r) is the correlation function, r is the distance between two epicen-
ters or hypocenters, and N is the number of events pairs separated by a dis-
tance R <r. Fractal dimension is defined by fitting a straight line to a plot of
log C(r) against log r. Here r refers to the distance between each two hypo-
centers as stated in Awad et al. (2005) and Polat et al. (2008).

The nature of temporal-spatial fractal properties of the earthquake epi-
centers is characterized by fractal, in particular by the correlation dimension
(Kagan 2007). Fractal dimension, Dc, can be calculated to avoid the possible
unbroken sites, and these unbroken sites have been suggested as potential
seismic gaps to be broken in the future and Dc is related to hypocentral dis-
tance and to the physical models based on fluctuations in the elastic interac-
tions between individual earthquake events (Toksdz et al. 1979). For the
hypocenter distribution (3D space), the uniform distribution is in accordance
with eq. (4) and it decreases with an increase in the clustering of events
(Awad et al. 2005). It is reasonable to assume that the higher Dc and lower
b-values are the dominant structural feature in the study area and may arise
due to clusters. It is also an indication of changes in stress (Polat et al. 2008).

Declustering of the catalogues and seismic quiescence Z-value

Aftershock activity generally masks temporal variations of the earthquake
numbers and the related statistics. For the quantitative analysis of seismicity
rate changes, it is necessary to eliminate the dependent events from the cata-
logue. To separate the dependent events from the independent ones, the
earthquake catalogue is declustered using the Reasenberg (1985) algorithm.
The cluster analysis algorithm of Reasenberg (1985) “declusters” or decom-
poses a regional earthquake catalogue into main and secondary events. It
removes all the dependent events from each cluster, and substitutes them
with a unique event, equivalent in energy to that of the whole cluster. The
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ZMAP software in Wiemer (2001) is used for the declustering method based
on the algorithm developed by Reasenberg (1985). Only the epicenter and
depth error values are changed. Other standard parameters are defined as
given in the software.

In region 1, there are 9884 events with magnitudes greater than or equal
to 1.4. The completeness magnitude, Mc, for region 1 is 2.7 and the number
of earthquakes exceeding this magnitude threshold is 6514. The declustering
procedure took away 258 (about 4%) events and 37% of the events in total
were removed from the whole catalogue of region 1. Thus, the number of
events for Z-value analysis was reduced to 6256 for the Marmara part of the
North Anatolian Fault Zone. There are 4669 events in region 2 with magni-
tudes greater than or equal to 1.4. The Mc value for this region is 2.9 and the
number of earthquakes exceeding this magnitude threshold is 3224. The dec-
lustering algorithm took away 267 (about 8%) events and 37% of the events
were totally removed from whole catalogue of region 2. As a result, the
number of events for Z-value analysis was reduced to 2947 for the Anatolian
part of the North Anatolian Fault Zone. In region 3, there are 2645 earth-
quakes with magnitudes greater than or equal to 2.0. The Mc value for region
3 is 2.9 and the number of earthquakes exceeding this magnitude threshold is
1980. The declustering process took away 417 (about 21%) events and thus
41% of the events were totally removed from whole catalogue of region 3.
Consequently, the number of events for Z-value analysis was reduced to
1563 for the eastern part of the North Anatolian Fault Zone and after com-
pleting the declustering processes, a more reliable, homogeneous and robust
seismicity data has been obtained.

The standard normal deviate Z-test is one of the statistical methods fre-
quently used for analyzing seismic quiescence. A continuous image of space
and time rate changes in seismicity is produced by ZMAP, creating a grid of
geographical co-ordinates, and associating to each grid node a selected num-
ber of nearest events. The ZMAP method is applied for imaging the areas
exhibiting a seismic quiescence. In order to rank the significance of quies-
cence, the standard deviate Z-test is used (Habermann 1983, Wiemer and
Wyss 1994), generating the Log Term Average (LTA) function for the statis-
tical evaluation of the confidence level in units of standard deviations

Z=(R —R,)/(S}/N,+8/N,)" , 5)

where R, is the mean seismicity rate in the foreground window, R, is the
average number of events in the whole background period, S and N are the
standard deviations and the number of samples, within and outside the win-
dow. The Z-value computed as a function of time, letting the foreground
window slide along the time duration of catalogue, is called LTA.
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4. RESULTS OF SEISMICITY ANALYSIS AND DISCUSSION

A detailed investigation of the seismicity behavior in the North Anatolian
Fault Zone is made by using the Gutenberg—Richter b-value, seismic activity
rate changes, Z-value, fractal correlation dimension Dc-value and also by
evaluating the histograms of the temporal, spatial and magnitude distribution
in time intervals between 1970 and 2010. The Gutenberg—Richter b-value is
the slope of the frequency-magnitude distribution and provides a relative
measure of the likelihood of large and small magnitude seismicity in the re-
gion. The correlation between seismicity and the fractal properties of epicen-
ter distribution characterize complex properties and patterns of earthquake
seismicity. Fractal analysis undertakes direct comparison of seismicity and
maximum magnitude variation. As a result, this study is focused on the cor-
relation of seismicity b-value, seismic quiescence Z-value, fractal dimension,
Dc, and interrelationships between some other seismicity parameters.

The cumulative number of earthquakes versus time in the three regions
for original catalogue and for declustered events is shown in Fig. 3. As
shown in Fig. 3a, there is no significant change of reporting as a function of
time between 1970 and 1975 for region 1. There is a little change in the
seismic activity after 1970 until 1997 for region 2 (Fig. 3b) while important
change in the seismic activity for region 3 is observed after 2003 (Fig. 3c¢).
But further on, great seismic changes are seen in these areas, especially after
2000. Also, time histograms for region 1 (Fig. 4a) and region 2 (Fig. 4b) be-
tween 1970 and 2010 indicate an increase in the number of recorded events
in the year of 2000. However, the maximum increase in the number of earth-
quakes for region 3 (Fig. 4c) is observed in the year of 2003. Because many
stations have been constructed in these regions in recent years, especially
after 1999 great earthquakes in Izmit and Duzce, the other observatories and
mainly KOERI provides the real time data with the modern on-line and dial-
up seismic stations in Turkey. Consequently, the further improvement of the
catalogue since then could probably be associated with man-made effects,
tectonic stress changes in the region or changing of used software during the
computation of magnitude.

In this study, many statistical assessment techniques of ZMAP software
package have also been carried out (Wiemer 2001) on the three data sets of
seismicity catalogues of the NAFZ. The earthquake magnitude in these three
catalogues ranges from 1.4 to 6.7 with an exponential decay in their numbers
from the lower to higher magnitudes. Figure 5 defines the histograms of
magnitude distribution for the data sets of three regions. Most of the earth-
quakes are between 2.5 and 3.5, and a maximum Mp2.7 is observed for re-
gion 1 (Fig. 5a), and a maximum Mp2.9 for region 2 (Fig. 5b) and region 3
(Fig. 5¢).
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Fig. 3. Cumulative number of events against time for the original and declustered
earthquake catalogue for: (a) region 1, Marmara part of the NAFZ, (b) region 2,
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In order to investigate the seismic quiescence and the frequency-
magnitude relationship, the change of Mc as a function of time is determined
using a moving window approach. Mc is estimated for samples of 30 events
per window for region 1 by using the earthquake catalogue containing all
9884 events of Mp=>1.4, 75 events per window for region 2 by using the
earthquake catalogue containing all 4669 events of Mp>1.4, and 30 events
per window for region 3 by using the earthquake catalogue containing all
2645 events of Mp>2.0. Figure 6 shows the variations of Mc with time for
all parts of the NAFZ. For region 1, Mc value is rather large and varies from
3.5 to 4.0 between 1975 and 1980 while Mc decreases to about 2.3 and 2.5
between 1980 and 1985 (Fig. 6a). Then, it decreases to about 2.7 in the be-
ginning of 1987. However, there are two great values about 4.0 and 3.3.
These large values in region 1 are observed after the 1999 Izmit earthquake
sequence. For region 2, Mc has a value between 3.0 and 3.5 until 1985, and
around 3.0 between 1985 and 2000 (Fig. 6b). This Mc value is smaller than
3.0 after 2000 and observed around 2.9. A large Mc value about 3.9 is ob-
served in 1999 Duzce aftershock sequence. In these two parts of the NAFZ,
as stated in Wiemer and Katsumata (1999), some high Mc values may be
higher in the early part of the aftershock sequence because the small shocks
may not be located. For region 3, Mc value is rather large and greater than
4.0 until 1995 and it decreases from 4.0 to 3.1 between 1995 and 2003
(Fig. 6¢). After 2003, Mc value varies between 2.8 and 3.1. Therefore, it can
be said that Mc generally shows a non-stable value in the different parts of
the NAFZ. However, it can be easily said that Mc value varies between 2.7
and 2.9 in the NAFZ, and this result is consistent with the completeness
analysis made by Huang et al. (2002).

Using ZMAP software, the b-value in Gutenberg—Richter (1944) rela-
tionship is calculated by the maximum likelihood method, because it yields
a more robust estimate than the least-square regression method (Aki 1965).
Gutenberg—Richter (G-R) law describes the statistical behavior of seismic
zones in energy domain using the frequency magnitude of earthquakes
(Awad et al. 2005). Figure 7 shows the plots of cumulative number of the
earthquakes against the magnitude for all parts of the NAFZ. For the Marma-
ra part of the North Anatolian Fault Zone (region 1), the whole catalogue
includes 9884 earthquakes (Mp>1.4) for epicentral depths less than 70 km.
The Mc value is calculated as 2.7 and using this value the b-value is calcu-
lated as 1.13+0.01 for region 1 (Fig. 7a). For the Anatolian part of the North
Anatolian Fault Zone (region 2), the whole catalogue contains 4669 events
(Mp=1.4) for epicentral depths less than 70 km. The completeness magni-
tude is computed as 2.9 and using this value of completeness the b-value is
found as 1.02+0.02 for region 2 (Fig. 7b). For the eastern part of the North
Anatolian Fault Zone (region 3), the whole catalogue includes 2645 events
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(Mp=2.0) for epicentral depths less than 70 km. The completness magni-
tude, Mc, is taken as 2.9 and using this completeness value the b-value is
computed as 1.01+£0.02 for region 3 (Fig. 7¢). For all regions, the b-value
and its standard deviation is determined with the maximum likelihood
method, as well as the a-value of Gutenberg—Richter relation. The tectonic
earthquakes are characterized by the b-value from 0.5 to 1.5 and are more
frequently around 1. It is clearly seen that the earthquake catalogue matches
the general property of events such that magnitude-frequency distribution of
the earthquakes is well represented by the Gutenberg—Richter law with
a b-value typically close to 1.

The variation of the b-value as a function of time for different parts of
the NAFZ is also analyzed (see Fig. 8). Temporal changes of b-value are
calculated for sample size of 1000 earthquakes for region 1, and 250 earth-
quakes for regions 2 and 3, respectively. A systematic increase in b-value
can be observed until 1996 with b>1.5 in region 1. The b-value shows
a great decrease with h~0.9 before the occurrence of 1999 Izmit earthquake
and a clear increase after the main shock (Fig. 8a). Such a kind of behavior is
also observed for some strong earthquakes in regions 2 and 3. In region 2,
there is a clear tendency of decrease with b=0.7 before the 1999 Duzce
earthquake and an increase with 5>1.0 after the main shock (Fig. 8b). In
region 3, the same properties of h-value showing a decrease are observed be-
fore the three strong earthquakes. The b-values show a decrease before the
occurrence of 2003 Tunceli, 2003 Bingol and 2005 Bingol earthquake se-
quences and a clear increase after the main shocks (Fig. 8c). Many factors
can cause perturbations of the normal b-value. The b-value for a region does
not reflect only the relative proportion of the number of large and small
earthquakes in the region, but is also related to the stress condition over the
region (Utsu 1971). Therefore, it is interpreted that the anomalies of decreas-
es in b-value before the main shocks may be due to an increase in effective
stress and can be used as an indicator of the future earthquake by observing
the changes in b-value with time in all parts of the study region. Also, the
stepwise increase in b-value is related to the reduced stress in these times
after the main shocks.

The correlation dimensions for the distributions of earthquake hypocen-
ters are obtained in different parts of the NAFZ. Correlation dimension, Dc,
is estimated by fitting a straight (solid) line to the curve of mean correlation
integral against the event distance, R (in km). The Dc values for all parts of
the study area are obtained with 95% confidence limits by linear regression
(Fig. 9). The earthquake distribution of 9884 earthquakes in the Marmara
part of the North Anatolian Fault Zone is shown in Fig. 9a. The correlation
dimension, Dc, is calculated as 2.20+0.03 for region 1. The earthquake dis-
tribution of 4669 events in the Anatolian part of the North Anatolian Fault
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Zone is shown in Fig. 9b. The Dc is computed as 2.40+0.03 for region 2.
The earthquake distribution of 2645 earthquakes in the eastern part of the
North Anatolian Fault Zone is shown in Fig. 9c. The Dc is calculated as
2.37+0.04 for region 3. These log-log correlation functions exhibit a clear
linear range and scale invariance in the cumulative statistics between 0.50
and 32.15 km for region 1 (indicated in Fig. 9a), between 0.63 and 24.26 km
for region 2 (indicated in Fig. 9b) and, between 1.19 and 11.32 km for region
3 (indicated in Fig. 9¢). The correlation dimension, Dc, and standard errors
in Fig. 9 are also determined within these distances.

As earthquake distributions obey the fractal statistics, the fractal dimen-
sion can characterize them. Fractal properties of seismicity in the different
regions of Turkey have been analyzed by using different catalogues and me-
thods (Turcotte 1990). In the areas of increased complexity in the active fault
system (higher Dc) associated with lower b-value, the stress release occurs
on fault planes of smaller surface area (Oncel and Wilson 2002). The higher
order fractal dimension (greater than 2.20 for all regions) is increasingly sen-
sitive to heterogeneity in the distribution of magnitudes. This suggests that
seismicity is more clustered at larger scales (or in smaller areas) in the North
Anatolian Fault Zone. Since the uniform distribution of earthquakes decreas-
es with an increase in the clustering of events, it is reasonable to assume that
the higher Dc values are the dominant structural feature in the study area and
may arise due to clusters. Also, it can be an indication of changes in stress in
the study region.

Spatial distribution of the standard deviate Z-value for all parts of the
NAFZ is presented for the beginning of 2010 (Fig. 10). Each Z-value is dis-
played by different colors: the lowest Z-values are shown in blue and indi-
cate that the change in seismicity rate is not significant, and the highest
Z-values show a decrease in seismicity rate and are shown in red. Each
Z-value in this representation is calculated in correspondence of a different
grid point. The computed Z-values are then contoured and mapped. To estab-
lish a regional distribution of the seismic quiescence mentioned earlier, the
Reasenberg (1985) algorithm is applied to decluster the data. The areas under
analysis were divided into rectangular cells spaced 0.02° in longitude and
latitude. The nearest earthquakes, N, at each node are taken as 50 events after
some preliminary tests for all regions and the seismicity rate changes are
searched within the maximum radius changes by a moving time window, T
(or iwl), stepping forward through the time series by a sampling interval as
described by Wiemer and Wyss (1994). The shape of the LTA function
strongly depends on the choice of the length of the foreground window (iw/).
While the statistical robustness of the LTA function increases with the size
of iwl, its shape becomes more and more smooth, if the iwl length exceeds
the duration of the anomaly. The time window, 7y, equal to 5.5 years is used
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as the window length because the quiescence areas are better visible for
a window of 5.5 years. Since the quiescence anomalies found in Fig. 10 are
the best revealed at the epicentral areas for 7y equal to 5.5 years it is used
this time window length in order to image the geographical distribution of
the seismicity rate changes. For each grid point we binned the earthquake
population into many binning spans of 28 days for all regions in order to
have a continuous and dense coverage in time. The N and Ty values are
usually selected accordingly in order to enhance the quiescence signal and
this choice does not influence the results in any way.

Figure 10a shows the geographical distribution of Z-values for region 1
including the Marmara part of the North Anatolian Fault Zone. As shown in
Fig. 10a, four areas (A, B, C and D) exhibiting significant seismic quies-
cence are apparent. Figure 10b shows the spatial variations of Z-value for
region 2 including the Anatolian part of the North Anatolian Fault Zone. As
shown in Fig. 10b, there are two areas (E and F) exhibiting significant seis-
mic quiescence. Figure 10c shows the regional distributions of Z-value for
region 3 including the eastern part of the North Anatolian Fault Zone. As
shown in Fig. 10c, two areas (G and H) exhibit significant seismic quies-
cence. In addition to these eight significant areas, there are some small
quiescence areas in the Anatolian part of the North Anatolian Fault Zone.
One of them is observed on Ismetpasa segment (arrow 1 in Fig. 10b) and the
others on southwest (Cankir1) of this segment (arrows 2 and 3 in Fig. 10b).
However, since these small quiescence areas are not very clear it is consi-
dered that they are not as significant as the other eight quiescence areas.
Also, since there are fewer earthquakes in some edges (especially in Bleak
Sea region, or the other regions that have no fault system), these values in
the above-mentioned regions can be interpreted as artificial results from con-
touring and interpolations.

The length of time window for all figures is determined by adding T
value in years to the time chosen as the beginning of the time cut (indicated
in the corresponding figures). So, all figures show the Z-value distribution
for the same time for all regions, in the beginning of 2010. Clear quiescence
anomalies were identified at several seismogenic sources. In the Z-value
maps for all parts of the North Anatolian Fault Zone, eight areas exhibit sig-
nificant seismic quiescence. In region 1, covering the MNAFZ, the first sig-
nificant anomaly is found centered at 41.08°N-28.58°E (region A, around
Silivri) and the second one is found centered at 41.47°N-29.51°E (region B,
in the Black Sea). The third significant quiescence is observed centered at
40.69°N-29.78°E (region C, including Izmit) and the fourth significant ano-
maly is found centered at 40.26°N-26.46°E (region D, around Gelibolu,
Canakkale). In region 2, including the ANAFZ, the first significant anomaly
is found centered at 40.59°N-31.03°E (region E, including Duzce fault) and
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the second quiescence area is found centered at 40.86°N-35.30°E (region F,
around Amasya). In region 3, covering the ENAFZ, the first significant
anomaly is found centered at 39.48°N-39.74°E (region G, around Erzincan)
and the second anomaly is found centered at 39.06°N-40.50°E (region H,
around Bingol).

In order to find all significant rate changes in the earthquake catalogues
of the different parts on the NAFZ, computer code GENAS (Habermann
1983) is used. The GENAS calculates the cumulative numbers for different
magnitude cutoffs. The purpose of separately investigating magnitude bins is
to isolate the magnitude band in which individual reporting changes occur.
Figure 11 shows the GENAS results searching for significant breaks in
slope, starting from the end of data, and for all magnitude bins (Mag and
below means all earthquakes with a magnitude smaller than M), while Mag
and above means all earthquakes with a magnitude larger than Mp). Fig-
ure 11a (region 1) shows a strong increase of reported small events in the
1975 and 1990. However, there are two strong decreases in 2005 and 2009
for small events. Also, some mild decreases of large events are noticeable in
the 2005 and 2009 in region 1. Figure 11b shows GENAS results for re
gion 2. A strong increase of reporting of small events is observed in 1975,
1992, 1996, and 2001. A strong decrease of small events and mild decrease
of large events in 1980 is found. In addition, there are some mild decreases
of large events between 2001 and 2009 in region 2. The GENAS results for
region 3 are shown in Fig. 11c. There is a strong increase between 1992 and
1995 for small and large events. A strong change observed is an increase
after 2003. Two strong decreases are observed in 2005 and 2008 for small
events in region 3. Also, there is some little decrease of large events between
2005 and 2009. Thus, there is a clear consistence between the findings of
seismic quiescence for the current time in Figs. 10 and 11.

In recent years, many studies have been made and different methods
have been applied in order to present the spatial variability of earthquake ha-
zard in several regions of Turkey, especially in the North Anatolian Fault
Zone (e.g., Huang et al. 2002, Yilmaz et al. 2004, Kutoglu and Akcin 2006,
Kutoglu et al. 2008, Oztiirk et al. 2008).

Huang et al. (2002) made a study on the detection of seismic quiescence
in and around the epicentral zone of the 17 August 1999, My 7.4, Izmit (Tur-
key) earthquake, by applying a statistical method, the Region-Time-Length
(RTL) algorithm, to earthquake catalogues derived from that for the period
1981-1999 of KOERI, which are complete for events Mp=>3.0 in most of
western Turkey. The RTL parameter indicates that a period of seismic quies-
cence started at the end of 1995 and reached a minimum in December 1996.
The main shock in Izmit and vicinity did not occur when the seismicity
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returned to its background level, but occurred with a delay of nearly
2.5 years. Their results indicate that a significant quiescence anomaly
appeared in 1996 around the epicenter of the Izmit earthquake. Similarly, in
this study, some significant quiescence areas are observed in recent years
in the Marmara part of the North Anatolian Fault zone including the Izmit
main shock region. Thus, such kind of quiescence features could be recog-
nized as a constant and reliable characteristic of seismicity, and they could
eventually contribute to the forecast of impending main shocks in the future
circumstances.

Yilmaz et al. (2004) used some statistical methods to characterize the
seismic hazard or risk for different parts of the North Anatolian Fault Zone.
They divided the NAFS into three areas (west, middle and east) in terms of
different features such as the number of the earthquakes and magnitudes.
They concluded that the risks of an earthquake occurrence with magnitude 5
or above in 5 years in the west, middle and east part of the North Anatolian
Fault Zone are 84, 88, and 72%, respectively. The duration of significant
anomalies in this study generally starts in the beginning of 2005 for all parts
of the NAFZ. If it is considered the fact that the reported seismic quiescence
prior to crustal main shocks varies from 1.5 to 5.5 years, it can be concluded
that the regions where the significant quiescence anomalies are observed can
be interpreted as the next earthquake areas with a mean probability greater
than 70%.

Kutoglu and Akcin (2006) and Kutoglu et al. (2008) determined the sur-
face creep on the Ismetpasa segment of the North Anatolian Fault Zone after
the Izmit and Duzce earthquakes in 1999 that occurred in the near west of
the Ismetpasa segment based on the periodical observations of an old trilate-
ration network. Their evaluation of the observations revealed a creep of
0.78 cm/year for the period 1992-2002 and this new observation campaign
of the Ismetpasa geodetic network shows that the Ismetpasa segment has
ceased the slowing trend and started to gain speed. They interpreted that the
Ismetpasa segment of the North Anatolian Fault Zone is under an increasing
earthquake risk. Although the quiescence found in this study on the Ismetpa-
sa segment (arrow 1 in Fig. 10b) is in a small region and is not very clear,
this can be interpreted as an earthquake risk for this segment.

Oztiirk et al. (2008) made a quantitative appraisal of earthquake hazard
parameters using Gumbel’s first asymptotic distribution for different regions
in and around Turkey. They constructed a uniform catalogue of Mj in the
period between 1900 and 2005. They estimated the mean return periods, the
most probable magnitude and the probability of earthquake occurrence for
a given magnitude in a period of 10, 25, 50, and 100 years for different 24
regions in and around Turkey. The results from Oztiirk et al. (2008) show
that the mean return period value for Ms>5.5 in their region 20 covering the
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MNAFZ (region 1 in this study) is equal to 11.22+0.39 years. Also, the
probability of occurrence for the earthquakes with this magnitude size in this
region is equal to 60% in the next 10 years according to their study. The last
event of magnitude Mp=>5.5 occurred in 1999 (see Table 1) in region 1. So,
the next time with a probability of 60% for that size of earthquakes can be
considered as 2010 in the MNAFZ. For their region 21, including the
ANAFZ (region 2 in this study), the value of the mean return period for
Ms>5.5 is calculated as 6.24+1.52 years and the probability of occurrence
for the earthquakes in this magnitude range is computed as 80% for the next
10 years by Oztiirk et al. (2008). The last event of magnitude Mp>5.5
occurred in 2000 in region 2. The next time with a probability of 80% for
that size of earthquakes can be considered as 2006 in the ANAFZ. Thus, the
return periods have been exceeded for this size of main shocks. However,
the mean return period for Ms>6.0 is found as 11.48+1.59 years in the
ANAFZ by Oztiirk et al. (2008). Also, the probability of occurrence for this
magnitude size is computed as 58%. If this magnitude range is considered,
the next time with a probability of 58% for Mp>6.0 can be considered as
2011 in the ANAFZ. In their region 24 related to the ENAFZ (region 3 in
this study), the mean return period value for the earthquakes with Mg>5.5
is revealed by them with a value of 7.50+0.09 years and they computed the
probability of occurrence for the earthquakes having the same size as 74% in
the next 10 years. The last event of magnitude Mp>5.5 occurred in 2005 in
region 3. So, the next time with a probability of 58% for that size of earth-
quakes can be considered as 2012 in the ENAFZ.

5. CONCLUSIONS

Spatial and temporal evaluations of the current seismic activity are carried
out in order to characterize the seismic behavior in the different parts of the
North Anatolian Fault Zone. For this purpose, a number of statistical para-
meters are used; namely size-scaling parameters (such as slope of recurrence
curve b-value), seismic quiescence Z-value, temporal and spatial distribution
of earthquakes with characteristic of fractal correlation dimension, Dc, as
well as the histograms of temporal, spatial and magnitude distributions. For
this purpose, statistical analysis techniques based on the seismic tool ZMAP
are applied. The instrumental earthquake catalogues of KOERI, TURKNET,
ISC, IRIS and TUBITAK between 1970 and 2010 are compiled and finally
17 198 crustal earthquakes of magnitude equal and greater than 1.4, with
depths less than 70 km are obtained.

Seismicity characteristics in different parts of the NAFZ are nearly the
same as an earthquake activity in all regions shows an important increase,
especially after 2000. Magnitude completeness analyses present a value
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between 2.7 and 2.9 for all parts of the NAFZ. The b-values for all regions
are close to 1 and typical for earthquake catalogues. Temporal distributions
of b-values show a strong tendency of decreasing before the large main
shocks and this behavior can be used as an indicator of the next earthquake.
Correlation dimension values are greater than 2.20 for all parts of the NAFZ.
This suggests that seismic activity is more clustered at larger scales (or in
smaller areas) in the NAFZ. Therefore, these higher values mean the domi-
nant structural feature in the study area and may arise due to clusters.

In order to separate the dependent events, Reasenberg algorithm is used
and the earthquake catalogues for all regions are declustered for the standard
deviate Z-value calculations. The significance of seismicity rate changes is
measured at the nodes of a 0.02° grid space in longitude and latitude for all
parts of NAFZ. There are eight regions exhibiting significant seismic quies-
cence on the NAFZ in the beginning of 2010. On the Marmara part of the
NAFZ, four anomalies are found centered at 41.08°N-28.58°E (around Sili-
vri), 41.47°N-29.51°E (in the Black Sea), 40.69°N-29.78°E (including Izmit)
and 40.26°N-26.46°E (around Gelibolu, Canakkale). The other two quies-
cence areas are found centered at 40.59°N-31.03°E (including Duzce fault)
and 40.86°N-35.30°E (around Amasya) on the Anatolian part of the NAFZ.
The rest of the quiescence anomalies are found centered at 39.48°N-39.74°E
(around Erzincan) and 39.06°N-40.50°E (around Bingol) on the eastern part
of the NAFZ. These areas of seismic quiescence recently observed, which
started at the beginning of 2005 in eight aforementioned regions, can be con-
sidered as the most significant.

The NAFZ was struck with devastating earthquakes in recent years.
Therefore, prediction of the future large earthquake in this area would be
useful. Such an assessment must be relied on the observation of phenomena
related to precursory quiescence. Previous studies for the NAFZ show that
the return periods of Mp>5.5 have been exceeded in the Anatolian part of
the NAFZ. However, the return periods of Mp>5.5 for the Marmara and
the eastern part and the return period of Mp>6.0 for the Anatolian part of
the NAFZ will be exceeded between 2010 and 2012. For this reason, special
attention should be given to these regions where the seismic quiescence is
observed and monitoring of their microseismic activity by locally dense
arrays, as well as the monitoring of other geophysical parameters is suggested.
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