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Abstract. The evaluation of the seismicity in 24 seismic re- 1 Introduction

gions, in which Turkey and adjacent areas divided, is car-

ried out. For this purpose two methods are adopted. Thevlany quantitative methods have been applied over the years
firstis the “whole process” which follows the Gutenberg and to estimate seismicity in various regions of the world. The
Richter distribution frequency-magnitude law, while the sec-most popular methods used are the Gutenberg-Richter law
ond one is the “part process” which is well known as the the-and the Gumbel’s asymptotic distributions. The latter has
ory of extreme values. This theory was developed by Gum-many advantages. One of them is that it takes into ac-
bel in order to solve many geophysical problems. The firstcount only the largest magnitude from a predetermined set
asymptotic distribution of extremes was used in the presendf equal-time. These arbitrary time intervals are usually de-
study. The advantage of the method is that it does not retermined by the rate of seismicity in the area under inves-
quired analysis of the whole data set. It uses, instead, théigation. The time interval is some times selected to auto-
sequence of earthquakes with the largest magnitudes in a setatically exclude foreshocks and aftershocks (Yegulalp and
of predetermined equal-time intervals. The parameters a anluo, 1974). There were different opinions on the use of
b were estimated from both methods. For the goodness of fitGumbel’s method for the seismicity evaluation. Kaila and
to the Gutenberg-Richter frequency-magnitude law, the maxNarain (1971) suggested that because the Gumbel’'s process
imum likelihood approach is applied. The b-values calcu-used great earthquakes during pre-determined periods it is
lated from Gutenberg and Richter frequency-magnitude lawtherefore not an ideal criterion for seismicity of seismic haz-
reveal a better fit to the tectonic environment of the 24 seis-ard assessment. On the other hand, Bath (1973, 1975, 1983)
mic regions of Turkey and its surroundings examining in thisdeclared that the dependency of the process (Gumbel) on
study. On the other hand b-values evaluated from Gumbel'she occurrence of great earthquakes is the principal advan-
first distribution, do not adjust to the particular tectonics of tage of the method, since the magnitude of the great shocks
the 24 seismic regions. The modal valughb adopted from  are more accurately determined historically than those of the
Gutenberg-Richter for the 24 seismic regions were calcu-small ones.

lated, as well. Turkey is a country of high seismicity with a complicated

An effort made to correlate the tectonics of the area witht€ctonic regime. Tsapanos and Burton (1991) ranked Turkey
the spatial distribution of the various computed seismic pa-n the tenth position between 50 seismically active countries
rameter, while maps were produced for this purpose. Thes8f the world, in respect of its seismicity using for this pur-
maps provide a detail image of seismicity and local tecton-Pose the Gumbel's extreme theory. The parameter used is
ics for the whole investigated area. The results showed thathe magnitude of the earthquake which is most likely to be
the Aegean arc and the North Anatolian fault zone rankedargest during 85 years. For Turkey, this magnitude is 7.7 and
among to the first positions between the 24 seismic regionds in the same position with Colombia, Honduras, Panama

researched. and Iran.
A large number of studies om and b parameters have

been presented since Gutenberg and Richter introduced their
law about the earthquake magnitudes distribution. The ac-
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Fig. 1. Tectonic map of Turkey. The major tectonic structures are modified frong8artoal. (1992).

them. The parametéris one of the most known and used duced the Alpine orogeny, whereas the Himalayan orogeny
for various purposes or comparison reasons. The literaturéas resulted from the India-Asia collision. African, Eurasian,
has a lot of such publications. Theparameter is consid- and Arabian plates are three major plates surround Turkey,
ered to be closely related to tectonic characteristics of a reand two generally acknowledged minor plates are Aegean
gion (Hatzidimitriou et al., 1985; Wang, 1988; Tsapanos,and Anatolian, as shown in the neo-tectonic models of
1990). It seems to be in close connection with the geolog-McKenzie (1972) and Dewey et al. (1973).
ical age of an area (Allen et al., 1965). Tsapanos (1990) The most important tectonic environments in Turkey are
found significantly differenb-values in east and west Pacific the Aegean Arc, the West Anatolian Graben Complexes
and suggested that this is related to the difference in the mepWAGC), the North Anatolian Fault Zone (NAFZ), the East
chanical structure of the material in each area, as well as t&natolian Fault Zone (EAFZ), the North East Anatolian
their tectonic evolution. Manakou and Tsapanos (2000) sugfault Zone (NEAFZ) the Bitlis Thrust Zone (BTZ) and the
gested that lowb-values are related to low degree of hetero- Caucasus. The motion between Africa and Eurasia is not
geneity, large strain rate, large velocity of deformation andtaken up one plate boundary, but is carried by the motion
therefore large fault. On the other hand there are evidencesf the Aegean and Turkish plates. The Aegean arc system
(Yilmaztirk et al., 1999; Bayrak et al., 2002) thataind b- plays an important role in the geodynamical evolution of the
values do not always supply much information about the tec-Aegean region. Convergence between the African and Ana-
tonics of an area. They suggested that the rafilo (modal  tolian plates in the Eastern Mediterranean takes place by sub-
value) is much better for understanding the seismicity andduction along the Aegean and Cyprus arcs (e.g. McKenzie,
the tectonic regime of a region. 1978; Papazachos and Comninakis, 1971). The African Plate
The paper confines itself to the estimation of seismicityis descending beneath the Anatolian Plate in the N-NE di-

parameters, b, as well as the modal valueg/b valuesin 24  rection. NAFZ is one of the best known strike-slip faults
seismic regions in Turkey and the adjacent areas and to finth the world because of its remarkable seismic activity, ex-
out which of them has better correlation with the complicatedtremely well developed surface expression and importance
tectonics of the examined area. for the tectonics of eastern Mediterranean region (8eerg

al., 1985). EAFZ was first described by Allen (1969) and this

fault zone is a transform fault forming parts of boundaries
2 Tectonic settings and data between the Anatolian and the Eurasian plates, as well as be-

tween the Arabian and African plates. It is considered as a
Turkey is one of the most seismically active regions in the conjugate structure to the NAFZ. The Bitlis Thrust Zone is a
world and lies within the Mediterranean part of Alpine- complex continent-continent and continent-ocean collisional
Himalayan orogenic system. This system runs through aoundary that lies north of fold-and-thrust belt of the Arabian
mean west-east direction from the Mediterranean to Asiaplatform and extends from southeastern Turkey to the Za-
The compressional motion between Europe and Africa pro-gros Mountains in Iran (e.g. Setig 1979; Hempton, 1985).
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Fig. 2. Different seismic source zones (Bayrak et al., Z)Gd epicenter locations of earthquakes in Turkey from 1900 to 2005 with major
tectonic features. Magnitude size of earthquakes are shown by different symbol.

At the eastern end of the Turkish plate, the motion is taken The database we analyzed in this work is compiled from
up by thrust faults associated with the Caucasus. The resullifferent sources and the seismicity data from different cata-
of this geometry is a thickening of the continent throughoutlogues such as TURKNET, International Seismological Cen-
the active region, which continues to elevate the Caucasugre (ISC), Incorporated Research Institutions for Seismol-
Thrusting in eastern Turkey and the Caucasus transforms togy (IRIS) and The Scientific and Technological Research
strike-slip motion between the Turkish and Eurasian plates aCouncil of Turkey (TUBITAK) were provided in different
the eastern outset of the NAF (Erdik et al., 1999). Figure 1magnitude scales. The catalogues contain the origin time,
shows the major tectonic structures of Turkey modified fromdifferent magnitudes scales {-body wave magnitudey/s-
Sard@ju et al. (1992). surface wave magnitud@{; -local magnitudeM p-duration

It is necessary a complete comprehension of the historicamagnitude, and/y -moment magnitude), epicenters and
and instrumental seismicity, tectonics, geology, paleoseisdepths information of earthquakes. Turkey earthquake cat-
mology, and other neotectonic properties of the consideringalogue, taken from the EB@zici University, Kandilli Obser-
region for an ideal delineation of seismic source zones. Butyatory and Earthquake Research Institute (KOERI), starting
itis not always possible to compile detailed informationin all from 1974 until 2005, contains 68478 events. The earth-
these fields for the majority of the world. Thus, frequently, quakes from 1900 to 1974, which come from the Inter-
seismic source zones are determined with two fundamentahational Seismological Centre (ISC) and instrumental cata-
tools; a seismicity profile and the tectonic structure of the re-logue of KOERI, consist of 2398 events. The catalogue was
gion under consideration (Erdik et al., 1999). It is suggestedinally checked for duplicate events. The final data catalogue
by several authors that seismic source zonation is a widelyonsists of 70 876 earthquakes with magnitude 1.0 or greater.
used methodology to determine the earthquake hazard and/e carried out our analysis in a rectangular area limited by
numerous studies performed. The seismic source zones usélde co-ordinates 2% and 45 E in longitude and by the co-
in this study are defined according as Bayrak et al. (2b88) ordinates 33N and 43 N in latitude. In order to produce a
shown in Fig. 2. Also, epicentral distributions of the earth- homogeneous catalogue, relations derived between different
quakes in and around Turkey are shown in the same figuréypes of magnitudes (Bayrak et al., 28D8The magnitudes
(Fig. 2). The seismic source regions humbered from 1 to 24n the final catalogue ar#fs-surface wave magnitude. The
and some other parameters that concern these regions for thiene interval considered for the present work ranged between
seismicity analysis are given in Table 1. 1900 and 2005. The study is restricted only in shallow earth-
gquakes (depth60 km) and is consisted of 69 339 events.

lBayrak, Y., Ozturk, S., Tsapanos, T. M., Koravos, G. Ch., Lev- ] ) ] )
entakis, G.-A., and Kalafat, D.: Estimation of the earthquake hazard Instrumental period in which earthquakes were being
parameters from instrumental data for the different regions in andrecorded with a few seismic stations has started at the begin-

around Turkey, J. Geophys. Res., submitted, 2008. ning of 1900 in Turkey. In other words this period constitutes
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Table 1. Different 24 seismic regions in and around Turkey, the time period, duration, extreme Aparsl(% missing years, observed
maximum earthquake size and cut off magnitudes for each region.

Region Period Cut Off Extreme % Missing Cut Off Mr?]'?j( Tectonics
Magnitude Years Years Magnitude (Observed Maximum
for Gumbel K for G-R Magnitude)
1 1903-2005 4.4 3 17.14 3.6 6.8 North East Anatolian Fault
Zone (NEAFZ2)
2 1910-2005 3.8 2 25.00 4.0 7.5 dlaman, §dir, Tutak and
Caldiran faults (KITCF)
3 1903-2004 4.4 8 0.00 3.6 6.3 Malazgirt, Ercis and

Siiphan faults and Mus
Thrust Zone (MESF)

4 1903-2005 4.4 3 20.00 11 6.6 Bitlis Thrust Zone (BTZ)

5 1915-2002 4.3 10 11.11 4.1 5.4 Kargd&xtension Zone
(KEZ)

6 1908-2005 4.7 7 21.43 1.2 5.9 East Anatolian Fault Zone
(EAFZ)

7 1906-2005 4.6 11 0.00 20 6.0 A part of Dead Sea Fault

8 1924-1995 34 10 0.00 3.3 5.2 North part of Cyprus

9 1918-2005 4.9 7 0.00 3.1 6.7 South part of Cyprus, in-
cluding east part of Cyprus
Arc

10 1903-2005 4.4 8 15.4 2.6 6.8 Western part of Cyprus Arc

11 1917-2005 4.1 1 20.22 3.5 7.7 ffla and Rhodes

12 1910-2005 4.6 1 9.38 4.0 7.4 Aegean Arc

13 1925-2005 4.2 6 21.43 23 6.4 Burdur Fault Zone (BFZ)

14 1900-2005 4.2 2 11.32 3.0 6.8 Uik and Kuglik
Menderes Grabens

15 1904-2005 4.6 5 0.00 3.0 6.6 Gediz Graben

16 1914-2005 4.7 7 7.14 21 7.0 Sultagda Beysehir and
Tatar faults (SBTF)

17 1903-2005 4.4 2 21.15 2.1 7.2 Utahya, Simav  and
Zeytinday-Bergama faults
(KSZBF)

18 1901-1995 4.3 8 25.00 3.8 6.4 Eskisehir, driirDodurga
and Kaymaz faults (EI-
DKF)

19 1905-2005 4.1 2 21.57 2.0 7.2 Yenicé#@n, Manyas,
Ulubat and Etili faults
(YGMUEF)

20 1907-2005 4.1 3 12.12 2.2 7.8 Marmara part of North
Anatolian  Fault Zone
(MNAFZ)

21 1905-2005 5.0 10 0.00 2.2 7.4 Anatolian part of North
Anatolian  Fault  Zone
(ANAFZ)

22 1903-2005 4.1 2 25.00 3.6 6.6 Mid Anatolian Fault Sys-
tem (MAFS)

23 1905-2005 4.2 6 17.65 3.6 6.8 Ovacik fault and Malatya
fault (OMF)

24 1904-2005 4.7 2 25.00 2.2 7.9 Eastern part of North Ana-

tolian Fault Zone (ENAFZ)

the first half of the instrumental period. Seismological Ob- modern on-line and dial-up seismic stations in Turkey. The
servatory of KOERI provides and the real time data with the seismological division of the KOERI determines, as rapidly
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and accurately as possible, the location and magnitude of alivhere g is a parameter. In this way the CDF 6f(M ) of

earthquakes. Each station of KOERI is equipped with a high-the maximum annual magnitude takes of the following form:
gain seismometer. Averaged uncertainties in the hypocenter —pM;
locations of the earthquakes are about 2—3 km. In this study,G(Mf) = exp(—ae ") Mj =0 )

we did not reloca_te the hypocenters of events and we used thﬁhereG(Mj) is the probability that an earthquake magni-
hypocenter locations of earthquakes provided by KOERI.  tde within a year to have a valug; or lesser than it. Equa-
There are four earthquakes with magnitulg>7.5 as tjon (4) can transform in:

shown in epicentral distribution of the earthquakes in Fig. 2.
Rhodes earthquake, 1926 witlfs=7.7; Erzincan earth- IN[=ING(M;)] =Ina — M )

qual|:e, ig?g W[[IHW‘/IWS_:;;J C;-I(d'raftn'le[Lad'yE (Vfgs)a;ar.ttn' which is of the same form with the equation of Gutenber-
quake, WithMs=/.5 andyzmit earthquaxe, W Richter (G-R), concerns the distribution of magnitudes. The

Ms=7.8 are the largest earthquakes in the catalogue. Erzin- ) . 3
can andYzmit earthquakes are related to NAFZ but Rhodes parametera andb of G-R related with and by:

and Van earthquakes are related to Aegean arc and MESF,  In« _ B 6
respectively. Also the other larger earthquakes between 7.6 — in10 2" ~ in10 (©)
and 7.5 are observed in the Aegean region and NAFZ. On¢ e gpstitute the products of Eq. (6) in Eq. (5) we have:
the other hand, large earthquakes are not observed in BTZ

and EAFZ. The smallest earthquakes in the catalogue ardog{—InG(M;)} =a — bM; ©)
the 1995 Cyprus Region earthqualés=5.2 and the 1915
Sanliurfa earthquak@/s=5.4 and the number of earthquakes
in these regions is also quite little, smaller than 20 events.

which is the mathematical expression of first type of Gumbel
distribution. It is difficult to have 1-year extremes especially
in the catalogs of past (e.g. beginning of 20th century). For
this reason our data set is divided into a numbek-gears
3 Brief descriptions of the methods applied extremesk=2, 3, 4,... years) and this is representedipy

in Eq. (8). In this case the 1-year extremag,(Eq. 8) is cal-
The distribution of earthquake magnitudes in time and in sizeculated from the known relationship:
is generally processed by two methods: a) using the whole
available data and b) using the extreme value magnitude. Thé! = % — logk ®)
latter based on the Theory of Extreme value statistics as degyherer>2.
veloped by Gumbel (1935, 1966) and used in many appli- | et assume that/; are simply the extreme magnitudes
cation in order to solve scientific, as well as practical prob-qyring » successive years and ranked in order of increasing
lems (e.g. floods). Generally the theory of extremes is formu-gjze  The plotting point probability value of tixh observa-

lated under the assumptions that: a) the prevailing conditiongjon, js evaluated through Gringorten’s (1963) equation:
must be almost the same in future and b) observed largest

values are independent of each other. Irrespective of the pai; Mj) = J—044 )

ent distribution, the extreme value distribution must take one n+0.12

of three forms. In the present study we applied the first typeyhere j is the rank and: is the number of observations.

asymptotic distribution of extreme values. This type is un- gquation (9) is the most proper one for the 1-type and 3-type

limited in both sides. asymptotic distribution of extremes (Burton, 1979).
According to the theory we can consider the magnitude  The commonest description of earthquake occurrence is

of an earthquake as a random variable with CDF (cumulativeyrovided by the Gutenberg-Richter law. The parameters cur-

distribution function) of the form: rently used for quantitative evaluation of seismicity are the

_ well-known onesg,, andb, of the magnitude frequency re-
Fy=1-e™ ¥z 0 (1) lationship introduced by Gutenberg a?nd Richterq(1944>;:

From the theory of probabilities and according to Gumbel
(1966), it is resulting that the CDF @ (M;) of the maxi-
mum annual magnitude is of the following form: whereN is the expected number of earthquakes which occur
M in a region during a given time period in relation to their mag-
G(M)) = exp(—e™/)  M;=0 (2)  nitudes,M, wherem, is the number of years covered by the
Epstein and Lomnitz (1966) added to the first assumptiordata sample The parametedepends on factors like the me-
of Gumbel. a second one which refers that the number ofchanical heterogeneity and the density cracks in the medium
magnitudes in a year is a variable of Poisson distribution with@1d On the state of stress in a region (Mogi, 1967; Scholz,

LOgN,, = a, — bM (10)

ameary, and then Eq. (1) becomes: 1968). The parameterm depeno_ls on the seismicity of the
area, on the time interval for which we have reported events
F(x)=1—e¢ x>0 3) and also on the surface area S outlined by the epicenters. For
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seismicity study purposes usually, is expressed in 1 year magnitudes obtained from G-R method ranged between 1.1
by the equation: and 4.1 (details in Table 1). The time period examined cov-
ers all the earthquakes occurred after 1900. Maybe this time

ap = apm — Logr (11) s not adequate to captuimax (Which might occur during
wherem is the whole time period covered by the data set. hi_storical era), but Turkey and adjacent area is an actiye seis-
Because of Eq. (11), relationship (10) transforms to: rmcally ter_rltory and Igrge earthquake occ_urred form time to
time even in modern times (e.g. 1999, I1zniifs=7.8). In Ta-
LogN = a1 —bM (12)  ble 1 we also listed the maximum observed earthqudRe,

during the covered time period.

Then using the above referred methods, Gumbel | and G-
the seismicity parametessandb-values were calculated.
Two methods are the commonest: a) the least squares and b)
the maximum likelihood. The latter used for the purpose of

where M is the magnitude of earthquakes aNds the ex-
pected number of earthquakes per year greater than or equﬁl
to M. ’

The most probable maximum magnitutfe, which occurs
in an area during a time periodis given by the relation:

this study.
a logt The method of maximum likelihood estimates the param-
M, = b + b (13) eterb and its 95% confidence limits (Page, 1968). The con-

dition thatb-value estimates are reliable when the difference
between the maximum and the minimum magnitude in the
Yata set is greater than or equal to 1.4 (Papazachos, 1974),
was adopted. Thé-value from a sample oi earthquakes
with magnituden ranging frommmax to mmin is given by:

and fort=1 years this becomed1=a/b, which is the modal
magnitude, and represents the most probable maximum ma
nitude for 1 year (Curtis, 1973).

4 Results

L —b(mmax—mMmi -1
| . b =logyge [m _ Mmin — Pmaxé mm)} (14)
n order to evaluate the seismicity parameters through Gum- 1 — ¢—bmmax—1mmin)
bel's I-type we have firstly to estimate the time period of
available data (earthquakes) in each one of the 24 seismic ravhere m is the average magnitude of the sample and
gions. This time period is listed in Table 1. Annual extremesb’'=b/logige. Equation (14) is used whenmax is finite and
are seen only in few occasions, and generally we have exindependent of the length of magnitude intem@{ax—ntmin.
treme intervals of duration oiN-years (Burton, 1977) and Itis also valid for small magnitude intervals and rather small
these intervals referred as “extreme years”. On the othenumber of events.
hand (Burton, 1979) suggested that in the caseVefear Under the assumption of no uncertaintysn the 95%
extremes if the missing entries (years) must be less than ogonfidence limits fob-value are computed from the relation
equal to 25% the parameters of Gumbel | or Il distribution (Page, 1968).
may be estimated without noticeable loss of accuracy. Then _1/2
we estimated the extreme years and the percentage (%) of th\% [ 1 (Mmax — Mmin)? ]

missing years £25%) in order to obtained reliable results, b2 + 2 — b (mmax—mmin) — @b’ (Mmax—"min)

as we aforementioned. The cut-off magnitudes derived from .
|:£ mmax_mmine—h(mmax—mmm)

b’ 1-— e—b/(mmax—mmin)

the completeness analysis of the earthquake records of each
seismic region is of importance. This was assessed by divid-
ing the whole time period of a seismic region into subperiods
and observing the rate of change of the cumulative numbevhereb’=bin10. _ .

or reported earthquakes, above a threshold magnitude with 1€ results of the values and b (with their standard
time. For some regions, we can see very small magnitude§eviation), estimated through the maximum likelihood ap-
(e.g. region 4, cut-off 1.2). This of course does not mean thaProach, are listed in Table 2. Theparameter is considered
we have data with cut-oft1.1 since 1900 when our cata- (O be closely related to tectonic characteristics of a region
logue starts. Considering as an example region 4, the com(Hatzidimitriou et al., 1985; Wang, 1988). Thevalues ob-
pleteness is: for time periad-1908 the cut-off magnitude is  t&inéd by G-R application vary between 0.58-1.00. On the
m>5.5, fort>1965m>5.0, forr>1975m>4.0, for:>1995 other handh-values calculated through Gumbel distribution
m£3.0 and E)rtzzoogmzl.l. The cut-off magnitudes are ranged between 0.51 and 1.18. There is no a clear correlation
obtained for both methods. We observed that the cut-offietween the values evaluated through both methods (Fig. 3).
obtained through each method are different and of coursd € relation existed is:

this is due to the difference of the theoretical sense of thgbGUMBEL — 0.75hc_r + 0.14 (16)

two methods (Gumbel and Gutenberg-Richter). The magni-

tude threshold in the 24 seismic regions ranged between 3.th order to clarify that the two groups @fvalue (from G-

and 5.0 for Gumbel’s distribution, while the minimum cut-off R and Gumbel 1) belong to different population the F-test is

—m] =4+196 (15)
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Table 2. The values of seismicity parameters for 24 regions according to Gumbel | (1) and Gutenberg-Richter (2) methods.

1. Logl0&LnG)=a—bM
Region a ca b ob | an

2. LogN=a—bM
ap b ob a/b

3.15 012 267 0.70 0.025.30
209 0.07 179 056 0.015.33
422 027 332 0.89 0.055.27
3.68 0.19 320 0.79 0.046.54
524 061 424 118 0.1834.36
533 052 448 111 0.105.46
483 053 3.79 0.96 0.104.98
184 061 084 056 0.143.98
329 036 244 0.67 0.066.27
10 3.19 018 229 0.66 0.084.98
11 3.43 007 343 0.77 0.015.58
12 422 008 422 0.87 0.01594
13 3.13 028 235 0.68 0.056.36
14 3.64 009 334 0.79 0.025.26
15 407 030 337 0.79 0.065.39
16 246 029 161 051 0.0p4.59
17 293 009 263 0.65 0.025.80
18 3.19 033 229 069 0.064.31
19 273 005 243 0.64 0.005.12
20 229 007 181 0.52 0.005.38
21 3.12 060 212 053 0.095.58
22 3.05 008 275 0.74 0.024.25
23 265 012 187 0.60 0.023.87
24 267 006 237 059 0.0L5.04

O©CoOoO~NOOOTh,WNPE

329 0.74 0.04 4.44
3.32 075 0.05 4.48
3.27 0.78 0.06 4.20
453 096 0.06 4.72
235 094 0.07 250
347 091 010 381
299 0.79 0.06 3.78
213 060 0.11 3.55
433 098 0.09 4.42
297 074 004 4.01
3.64 078 0.04 4.66
396 0.79 0.03 5.01
434 100 0.05 4.34
324 075 0.03 4.32
339 0.76 0.03 4.46
263 063 005 4.17
3.79 079 0.04 479
230 064 005 354
3.12 0.75 0.04 4.39
3.38 0.77 0.04 439
3.58 069 0.07 5.19
224 062 0.03 361
187 058 005 3.28
3.04 068 04 447

applied. The average of G-R is AVE1=0.76792, while the 12

average of Gumbel | is AVE2=0.72333. The corresponding

variation for the sample comes from G-R is var1=0.01409

and for sample comes from Gumbel | is var2=0.03190. The
probability of the two samples to come from the same popu-

lation is PROB=0.0000896. This means that the two samples
are absolutely different.

We also calculate the quantity/b (modal value). It is
well-known that this represents the most probable maximum
magnitude to be observed in time intervalmefyears. Be-
cause the time duration of each seismic zone is different, we
estimatedua;/b which is the most probable magnitude ina 2
time interval of 1 year. The modal values used as a statisti-

1.0—

0.8 —

values (GUMBEL)

bGUMBEL=0.75bG-R+0.14 ®

cally measure of seismicity (Papazachos, 1990; Papadopou- 6]
los and Voidomatis, 1987). In our study, this varies between

2.50 and 5.19 (G-R) and between 1.5 and 4.27 (Gumbel I). i
We observed that the values obtained through G-R technique

are greater than the corresponding values of Gumbel I. This ~ ®* 3

can be easily proved considering that the most of them con-
centrated, for Gumbel |, between the valug&®=3.00-4.00

0.6 0.7 0.8 0.9 1.0
b-values (G-R)

115

(13 observations), while we have 15 observations betweeftig 3. The comparison of b-values obtained through Gutenberg-
valuesa1/b=4.00-5.00, in the G-R process. Richter frequency-magnitude law and Gumbel | asymptotic distri-

bution.

www.nat-hazards-earth-syst-sci.net/8/109/2008/

Nat. Hazards Earth Syst. Sci., B22 2908



116 Y. Bayrak et al.: Seismicity Assessment in and around Turkey

05 Frrrr T e 05 [P T T T T I 0.5 e 0.5 T e
4 L ] :0 : 4
P © 1 [ - ] e 3
00 - - 0.0 O q 00 .
= ] 2(0 ] 00 T [ 3
2—05_— —_ 2—0.5_— g 1 E-us_— .
- 1= [ - =05 4 < ]
B ol F + E ] ]
g-m - — §—1.0 - ?: - g g.m — [ ] -
N [ E - 10l — [ [ ] 3
A5 - a5k L g A5 —
Region 1 k=3 ] L Reg_|m2k=2 ] Region 3 k=8 ] N Region 4 k=3 3
Lng (4nG)=3.15-0.70M LK F Log HnG)=2.09-0.56M ] I.og & |nG}=4 22-0 B9M ] - Log (-InG}=3.68-0.79M e
07} FETTN FEUTE PR FTEY PR PR R JOYC EYUT FRETY RPTI FUTE [RUVY FRUTY UV PvAvd PreTi v A5 Lesvaloiys Y T P P R S P
35 40 45 50 55 60 65 7.0 25 30 35 4.0 45 50 55 60 65 70 75 40 4.5 5.0 55 6.0 65 35 40 45 50 55 60 65 7.0
Magnitude (M) Magnitude (M) Magnitude (V) Magnitude (M)
05 T T T T T —T 05— 00 T T T T TR AT I T AT
[ ] L ] i . 1
ool d oof ® ] a . 1
i ] r 1 05k * -
- 1 € 0] 1
2 18 I ] % ]
05— — 05 L] - - E ]
= i C J
§ 18 | 13
E E 1 A0 |- -
1.0 — 10— ® - [ ]
] ] ! Reglon 7 k=11 1 I Region 8 k=10 .
r Region 5 k=10 ] Region 6 k=7 ] agron Fim [ ] ] T T
" Log (InG}=5.25-1.18M - [ Log (4nG)=5.33-1.11M [ Log (4nG)=4.83-0.96M ] [ Log )= 184-0.56M 4
U] PR R R 15 N T . N _,_5..”J....l...m..., Y] P I I T
Ta0 45 5.0 55 45 50 55 6.0 45 50 55 60 65 3.0 35 4.0 45 5.0 55
Magnitude {M) Magnitude (M) Magnitude (M) Magnitude (M)
0.5 (T T T 05 T T T T T T T T 0.5 I T T T TR i
© ] : 1 wf = 3
0.0 8 — 00 = r ]
— [ 1. F 1 _osp 3 3
g f 18 ¢ 12 ; :
.05 - 05 4 Tk 3 A
gt 13 18 | 3 ]
- S ] TasE 3 3
.0 - = 10 - E ] ]
r ) ] ] 20 3 -
[ Region 9 k=7 i Region 10 k=8 B £ Region 11 k=1 9 r Region 12 k=1 |
[ Log (-InG}=3.29-0.67TM ] ng“ngHmossM e ,Lugclw}:umma e [ Log (4nG)=4.22-0.87M
[P N Y PR I T e A5 P PR N 25l FTH FETTY PRRTYIETE FATTY 10 DY FYEN FRET FRTTE FRTTU FTRT FRUTT AT
35 40 45 50 55 60 65 7.0 4.0 45 5.0 5 5 60 65 7.0 4.0 4 5 s 0 55 60 65 7.0 T 5 ﬁ 0 40 45 50 55 60 65 70 75
Magnitude (M) Magnitude (M) Magnitude (M) Magnitude (M)

Fig. 4a. The distribution of the magnitude—frequency relationship obtained through Gumbel 1 method for 24 regions in and around Turkey.

5 Discussion and conclusions divided into 24 seismic regions shown in Fig. 2 and the data
including in the instrumental period between 1900 and 2005
The b-value for a region not only reflects the relative pro- were used. The seismicity parameterszoénd b are esti-
portion of the number of large and small earthquakes in themated from Gutenberg-Richter law and Gumbel first asymp-
region, but is also related to the stress condition over thdotic distribution for whole areas referred above.
region. Many factors can cause perturbation of the normal The tectonic environments, the time period and observed
b-value. On averages-value is near unity for most seismi- maximum earthquake siz 1‘95() for each region are given
cally active regions on Earth (e.g. Frohlich and Davis, 1993).in Table 1. The extreme years)(and percentage (%) of
However, a detailed mapping bfvalue often reveals signif- missing years are listed in Table 1 for each region. The
icant deviations. The spatial variation kivalues is related  maximum likelihood approach have been used in order to
to the distribution of stress and strain (Mogi, 1967; Scholz, estimatea and b-values for the G-R method. Generally,
1968). On the other hand, highvalues are reported from ar-  the magnitude-frequency relationships are expressed by a
eas of increased geological complexity (Lopez Casado et alstraight line. Because of incompleteness in the record of
1995) indicating the importance of multifracture area. Thus,small earthquakes, the data deviate from a straight line in
the lowb-value is related with low degree of heterogeneity, some regions. Therefore, relationships have been calculated
large stress and strain, large velocity of deformation and largéor earthquakes larger than cut-off magnitudes, while their
faults (Manakou and Tsapanos, 2000). cut-offs are given in Table 1 for each region. As mentioned
In this study we made an effort in order to evaluate of seis-in method chapter the optimum data processing is to involve
micity parameters of Turkey. For this purpose, Turkey waswith annual extremes. This is not so easy given that time

Nat. Hazards Earth Syst. Sci., 8, 1022 2008 www.nhat-hazards-earth-syst-sci.net/8/109/2008/



Y. Bayrak et al.: Seismicity Assessment in and around Turkey 117

OS rrrr T 05 T L e e L | T 0.5 P T T e e
i - o E ] [o
L N ] ] Q
F {1 oo -
00— -1 r a 00— -
g r E—o.s_— - g E E
=05 4% [ E 4 Tos- -
[ Bl 18 15|
1.0 = = 1.0 -l
L 1 15 * . 15 f
r Region 13 k=6 7 o Reglon 14 k=2 ] F Region 15 k=5 L r Region 16 k=7
[ Log (4nG)=3.13-0.68M o [ Log (AnG)=3.64-0.79M ] [ Log (-InG)=4.09-0.79M [ Log (-InG=2.46-0.51M ]
PPy P AT WY I E i O] NTETE FETAPTET] FYRTE FRUTE NP P T [T | AP WA WA FE E. _15Jllllnlllnulunlnulunlnn’uu
0 45 50 55 6.0 65 35 40 45 50 55 60 65 7.0 45 5.0 55 8.0 65 7.0 35 40 45 50 55 60 65 70 7.5
Magnitude (M) Magnitude (M) Magnitude (M) Magnitude (M)
05_\II|II|II'|rIH|r|\||\l||"l|1l[rlrr_ 05 LI LN L L L BRI L LN 05 RALRIRALRNRARRS LARLN LALEY RARLN LALLN LARLE 05 jli'll'l\'lf|f|Il"lll\]IIII[III1|iIII|'HI[7
N ] I 2 ] -
00 - L P 00 - - 00 |- -
[ ] 0o =1 o ] [ ]
@osf da F ] @oskE J @osk .
g°°F 18 I ]E 1 20 ]
‘; r o5l 4 <+ [ 1= F 1
Fof 18| 7 8aof 3§ ]
[ ] 10 — o ] [ ]
1.5 | - B 15 = - 15— -
F Region 17 k=2 ] B Reglon 18 k=8 b [ Region 19k=2 ] £ Reglon 20 k=3 ]
I Log (-InG)=2.93-0.65M . [ Log (-InG?:SJS.U_ng o] + Log (4nG)=2.73-0.64M B [ Log (InG)=2.28-0.52M
O | FHETE FET FTEN FERPE FPRE P i Y PN N PR R S Y L TTI FETPLCTEET FENT FEPE SRR AT N Y, FTTT PR I FRUTE FYET PN FRETE PR
40 45 50 55 B0 65 70 75 40 45 50 55 6.0 65 35 40 45 50 55 60 65 70 75 40 45 50 55 60 65 70 75 80
Magnitude (M) Magnitude (M) Magnitude (M) Magnitude (M)
L o 0.5 P T T T OS5 T T T T T T T T T T T T T T T L i LA AR Mk MR RAAJ ML) ALY (AR Lakda
[ ] L ] C ]
[ ] 0 o 3 00 = ool ® ] -
0.0 o ] r B :
) ] E Jd Gosk J @osk ]
] ] 5 1 @-osf g -
- L 4 = F * 0 g
L-05 - [ 1 . [ - ]
g 7 F 12 F L §v L h
- ] O o e | 1.0_— — -0~ -
A0 - E L F ]
- b 15 — 151 - 15 —
L Region 21 k=10 . F Reglon 22 k=2 F Reglon 23 k=6 ] [ Region 24 k=2 .
| Log (-InG)=3.12-0.53M ‘: -Log{_"éiﬁg,,g.nm - I Log (-InG)=2.65-0.60M 1 [ Log {InG)=2.67-0.59M 9
] S B N A R D L T PP P P PP T DY TP PP P I I T w20 bl ool il b
5.0 5.5 6.0 6.5 7.0 75 30 35 40 45 50 55 60 65 7.0 40 45 50 S5 60 65 7.0 30 35 40 45 50 55 60 65 7.0 7.5 8.0
Magnitude (M) Magnitude (M) Magnitude (M) Magnitude (M)

Fig. 4b. Continued.

“gaps” existing in earthquake catalogs for various reasonslominated in regions having almost the same tectonics. In
(e.g. world-war). That time “gaps” are called (Makropou- details, regions 1, 2 and 3 have similar values (0.74, 0.76
los, 1978) “missing years” and defined the number of yearsand 0.78), respectively. This can related to the position of
without reported earthquakes. For this reason we adcept these regions which are neighbors with the easternmost part
years extremes instead of annual ones. In order to go for furef the north Anatolian fault. The conjugate strike-slip fault
ther processing we put 3 criteria: a) the results are significansystem dominates the active tectonics of eastern Anatolia re-
when “missing years” are less than or equal to 25% (Bur-lated to these regions (Bozkurt, 2001). This system is an
ton, 1979) the obtained-values must be between 0.5-1.5. approximately 350 km long fault zone and consists of sev-
The least square fitting process is checked by the applicatioeral segments which are seismically active and generates ma-
of the x?-test. We adopted thi-values where those?-test  jor earthquakes such as 1924 Pasiniegk€6.8), 1983 Ho-

is minimized, and c) the pairs of the plot [LogihG(M;))— rasan {/5=6.8), 1976, CaldiranMs=7.5) and 1903 Patnos

M ;] must be greater than or equal to 5 (Hatzidimitriou et al., 1924 (Ms=6.3). The GPS (Global Positioning System) data
1994; Tsapanos and Papazachos, 1998). The calculated pgives 16:2 mm/yr for total shortening between the strike-
rameters of the magnitude-frequency relationship from Gum-slip faults in eastern Turkey and thrusting along the Cauca-
bel I method are shown in Fig. 4 and computed parametersus (McClusky et al., 2000). The smaHvalues in these
and their standard deviations are given in Table 2. regions are related with low degree of heterogeneity and

The b-values estimated through the maximum likelihood large faults resulting large earthquakes. These regions are

approach for the G-R method seem to have better relatiolf' €21y separated from regions 4, 5 and 6 with values 0.96,
to the tectonics. In other words approximataalues are 0.94 and 0.91, respectively. From Fig. 1, we can observed
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Fig. 5a. Magnitude-frequency relations obtained through Gutenberg-Richter method by the application of maximum likelihood method.
Solid line represents the fitness, while broken lines are the 95% confidence limits.

that these regions are connected with the east Anatolian fauktarthquakes in this region (Figs. 4 and 5). It is interesting
zone (EAFZ), which is not as seismically active as it is the that regions 10, 11 and 12 have similar values, 0.74, 0.78
NAFZ. Unlike NAFZ, EAFZ covered by region 6 has been and 0.79, respectively. All of them belong to arcs (Cyprus
relatively quiescent in the instrumental period when com-and Aegean), as well as to subduction zones. It is also very
pared to historical epoch (Nalbant et al., 2002). The datathought-provoking that region 13 which has no relation with
used in this study includes only instrumental period earth-subductions has &a-value of 1.00; nevertheless it is very
quakes occurred from 1900 to 2005. Since the large earthnear to such tectonics. Another fascinate group of simhiar
guakes such as 1893 Malatya earthquakg=7.1) did not  values exist for regions 14€0.75), region 154=0.76), re-
occurred in the instrumental period. Also, sinistral motion gion 17 $=0.79) and region 19%E0.75). These regions par-

in the EAFZ is 91 mm/yr (McClusky et al., 2000). Ac- tially belong to the east Aegean Sea and their continuations
cording to the fault slip rate and observed seismicity in theare on minor Asia shores. These regions are very seismi-
twentieth century, it is observed largeivalues in these re- cally active and earthquakes with magnitudes around 6.0 of-
gions than those of regions 1, 2, and 3. The regions 7, 8en occurred there. Thesevalues tend to be associated with
and 9 are not related with the tectonics of their neighborregions of predominantly seismic deformation (Koravos, et
regions and we conclude that they are independent regional., 2003). We can therefore conclude that these values are
from each other, having their “own” tectonics as we can readclosely associated with the high deformation existing in the
from theirb-values which are 0.79 (region 7), 0.60 (region 8) eastern part of Aegean. It is impressed that regions 16 and
and 0.98 (region 9). Although the seismic activity of region 8 18 which are parts of the inner Turkey territory have differ-
is very low, we observed low-value due to small number of entb-values, 0.63 and 0.64, respectively. The major faults in
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Fig. 5b. Continued.

these regions are Sultarfidault and ldni-Dodurga fault of  and 24, and for the second part is 0.71 which is close to the
which lengths are 146 km and 77 km, respectively (Ulusay etvalues of regions 14, 15, 17 and 19. Thealues obtained

al., 2004). These faults are very seismically active and profor the regions 22 and 23, are 0.62 and 0.58, respectively,
duced large earthquakes such as 1931 Aksahi<7.0) and  lead us to the conclusion that these are not multifractal areas
1956 Eskisehir¥s=6.4). Region 20 is the westernmost part or in other words they show a high degree of homogeneity.
of NAFZ. The influence of the North Aegean seismicity and These values and the values of the regions 16 and 18 chased
the tectonics of the area (transform faulting) are obvious tous to conclude that the central part of Turkey show the same
the b-value (0.77) of this region. Large faults are dominated tectonic behavior.

in this area which is the continuation of NAFZ in the north  The picture of the spatial distribution of the paramétés
Aegean area (north branch). This value seems to be closefifferent when we involve wittb-values calculated through

to the b-values of the regions of eastern Aegean and minorGumbel's | asymptotic distribution. Characteristic example
Asia shores, instead of the values evaluated for the rest parigepicted in the regions which belong to the east Aegean and
of NAFZ which are regions 21 and 24 with corresponding minor Asia area. Only two of them (regions 14 and 15)
b-values 0.69 and 0.68. We analyzed region 20 in two subreseems to have santevalues and consequently similar tec-
gions in order to see why thievalue in this region is greater tonics. On the other hand regions 17, 18 and 19 have al-
than those of the other parts of NAFZ (region 21 and 24).most same values. But this is not true because the tectonics
One part is up to the Calipole peninsula and the second pawf the region 18 has no any connection with the two others
is the rest of it which mainly is to the north Aegean. We pecause it is in the inner part of Turkey and not closer the
found through maximum likelihood thatvalues for the first  east Aegean anyway. Unusual Idwvalues revealed for the
part is 0.65, very close to the values belonged to regions 2hree regions 20 (0.52), 21 (0.53) and 24 (0.59) from which

www.nat-hazards-earth-syst-sci.net/8/109/2008/ Nat. Hazards Earth Syst. Sci., 2242808
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Fig. 6a. b-values computed from Gutenberg-Richter method for Fig. 7. a1/b values computed from Gutenberg-Richter method for
different 24 seismic source regions in and around Turkey. different 24 seismic source regions in and around Turkey.

The calculated magnitude-frequency relationships from
G-R method with 95% confidence limits obtained through
maximum likelihood technique are shown in Fig. 5. A map
produced (Fig. 6) in order to show the spatial distribution of
theb-values is obtained through a) G-R method and b) Gum-
bel | distribution.

Recently, Yiimaairk et al. (1999), Bayrak et al. (2002)
and Bayrak et al. (2005) showed that distribution of modal
values §/b) computed G-R law provide detailed images of
the local areas demonstrated by high and low seismic zones
in Turkey and the world. They stated thab values repre-

Latitude (Degrees)

Longitude (Degrees) . . Lo
oss<b<ons  |NENSSESNNENN ocosv<osr  [N0EAE62075N NSNS ose<v<oss sent the tectonic and seismicity of Turkey and world better

thanb-values.

Fig. 6b. b-values computed from Gumbel 1 method for different 24 In order to establish if modal values/b have better fit-
seismic source regions in and around Turkey. ting to the tectonics, instead ofvalues, the modal values
for 24 seismic regions were evaluated. These modal values

NAFZ comprised. According to Scholz (1968), low values are listed in Table 3. As it was observed there is not any
indicate that the state of stress is high. But i'n 1999 dur_obvious correlation between modal values and the tectonics.

ing August and November, two large earthquakes occurre(f‘lmOSt the same values occupie(_j the seismic regions exam-
in the region 20 and of course the level of stresses in the re'—ned' There is no any clear grouping of these values as it was

gion should be not so high now. It is depicted from Fig. 2 found for theb-values. For example region 5 which belongs

that region 20 is dominated by the western continuation 01‘tO the same group with regions 4 and 6, according tobthe

the north Anatolian fault into the north Aegean sea where thevalues, has the_lowest value/b=2.50, while regions 4 and
: 6 have totally different modal values, 4.72 and 3.81, respec-

seismicity is very high. Koravos et al. (2003) determined at_ v, H h terisi | b d
maximum magnitude of this region of &0.4 by the seismic IVely. However, some charactenslic values were observe

moment release rates. Their estimate was constrained by teI:Qr some particular regions. Region 21 which occupies the

tonic moment release based on geodesy. Generally speakir{HOSt part of NAFZ shows the largest value which is 5.19 and

the NAFZ is a very active structure and according to geodeS)} is is the most probable annual maximum magnitude for the

accommodates 24-30 mm/yr of dextral motion (Reilinger etregion. Itis also impqrtant that the modal value of_region_ 12.
al., 1997). This observation interprets our results, obtaine Aegean arc-subduction) has the second largest size which is

by both methods (lovb-values), and lead us to the conclu- .01. Both of them considered as the most seismically ac-

sion that even after the occurrence of the two recent Iargéive zones among the studied seismic regions. All of the rest

earthquake, the NAFZ remains a tectonic structure of highreglons show rather Iowe.r than 5.00 modal values, and the
risk. nearest values observed in region 17 (4.79). Another useful

observation, for the groups extracting frarvalues, is that
regions 22 and 23 have values of the same order 3.68 and
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Table 3. Ranking the 24 seismic regions of Turkey and its surroun

ings according to their seismicity.

d_AIIen, C. R.: Active faulting in northern Turkey. Division of geo-

logical Science, California Institute of Technology Contribution,
No. 1577, 1969. )
Bayrak, Y., Yilmaziirk, A., andOztirk, S.: Lateral variations of

No. Region a/b Place the modal (a/b) values for the different regions of the world, J.
1 21 519 ANAFZ Geodynamics, 34, 653-666, 2002.
2 12 5.01 Aegean Arc Bayrak, Y., Yilmaziirk, A., andOztiirk, S.: Relationships between
3 17 479 KSZBF fundamental seismic hazard parameters for the different source
4 4 4.72 BTZ regions in Turkey, Natural Hazards, 36, 445-462, 2005.
5 11 4.66 Mudla and Rhodes Bath, M.: Introduction to Seismology, Birkhauser Vertlag, Basel,
6 2 4.48 KITCF 395 pp, 2007, 1973.
7 24 4.47 ENAFZ Bath, M.: Seismicity of Tanzania region, Tectonophysics, 27, 353—
8 15  4.46 Gediz Graben 379, 1975.
9 1 4.44 NEAFZ Bath, M.: Earthquake frequency and energy in Greece, Tectono-
10 9 4.42  Eastern part of Cyprus Arc physics, 95, 233-252, 1983.
11 20 4.39 MNAFZ Bozkurt, E.: Neotectonics of Turkey — a synthesis, Geodinamica
12 19 439 YGMUEE Acta, 14, 3-30, 2001.
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