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The Determination of Earthquake Hazard Parameters Deduced from Bayesian Approach
for Different Seismic Source Regions of Western Anatolia

Yusur Bavyrak! and TugBa TURKER?

Abstract—The Bayesian method is used to evaluate earthquake
hazard parameters of maximum regional magnitude (My,ax), f
value, and seismic activity rate or intensity (1) and their uncer-
tainties for the 15 different source regions in Western Anatolia. A
compiled earthquake catalog that is homogenous for M, > 4 was
completed during the period from 1900 to 2013. The computed
M.« values are between 6.00 and 8.06. Low values are found in
the northern part of Western Anatolia, whereas high values are
observed in the southern part of Western Anatolia, related to the
Aegean subduction zone. The largest value is computed in region
10, comprising the Aegean Islands. The quantiles of functions of
distributions of true and apparent magnitude on a given time in-
terval [0,7] are evaluated. The quantiles of functions of
distributions of apparent and true magnitudes for future time in-
tervals of 5, 10, 20, 50, and 100 years are calculated in all
seismogenic source regions for confidence limits of probability
levels of 50, 70, and 90 %. According to the computed earthquake
hazard parameters, the requirement leads to the earthquake esti-
mation of the parameters referred to as the most seismically active
regions of Western Anatolia. The Aegean Islands, which have the
highest earthquake magnitude (7.65) in the next 100 years with a
90 % probability level, is the most dangerous region compared to
other regions. The results found in this study can be used in
probabilistic seismic hazard studies of Western Anatolia.

Key words: Bayesian method, earthquake hazard parameters,
quantiles, Western Anatolia.

1. Introduction

The purpose of a seismic hazard study, using
available data related to earthquake events, is to de-
termine the specific probability values for seismic
activity in a region in the future and combines geo-
logical, seismological, and statistical data with other
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information. Seismic hazard studies are undertaken to
obtain long-term predictions of the occurrences of
seismic events in a particular region. Most often, the
prediction is expressed in the form of probabilities of
a specified earthquake magnitude over a period of
time, f, or as the expected number of such events.
Thus, the number of events over time [0,7] and
M define the size of the events; then, that probability
is expressed as P{M > m, (0, T)} (Anacnos and
KirREMIDIIAN 1988).

Reliable estimation of earthquake hazard in a re-
gion requires the prediction of the size and magnitude
of future earthquake events and their locations. An
incomplete understanding of earthquake phenomena,
however, has led to the development of primarily
long-term hazard assessment tools relying on the
statistical averages of earthquake occurrences without
considerations of specific models. One of the most
important earthquake hazard parameters is the max-
imum regional magnitude (M,,,x) and its uncertainty.
In addition to M,,.x, two other important earthquake
hazard parameters are f§ value and seismic activity
rate or intensity (/). The “apparent” magnitude (TINTI
and MuLarcia 1985; Kuko and SeLLEvoLL 1992),
which represents the observed magnitude (M), is
equal to the “true” magnitude M, plus an uncertainty,
¢. The probability distribution of this uncertainty can
be modeled by various distribution functions.

A number of statistical techniques and probabilistic
models have been already used to estimate earthquake
hazard parameters by various researchers. (WELLS and
CoprPERSMITH 1994; PISARENKO et al. 1996; Kuko 2004;
WHEELER 2009; MUELLER 2010). BacGcr (1996) inves-
tigated seismic risk in Western Anatolia between 36°
and 41°N and 25° and 31°E using the probabilistic
model for earthquake data (1930-1990). AvrTiNOK
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(1991) evaluated the seismic risk of Western Anatolia
by applying a probabilistic model. Bayrak and
Bayrak (2012, 2013) investigated earthquake hazard
potential using different methods for different regions
in Western Anatolia.

Earthquakes have posed a persistent threat to life
and property in many regions of the world. In Tur-
key’s Anatolia region, records of devastating
earthquakes can be found. A geodynamic complexity
and a diversity of faulting regimes can be seen around
the Aegean. The western part of the Anatolian plate is
one of the most seismically active regions of Turkey.
Western Anatolia has seen numerous earthquakes
during past years. The consequences of large earth-
quakes across the globe are a primary motivation for
understanding seismic hazard. Particular consid-
eration is given to the appraisal of seismic hazard in
the context of Aegean seismotectonics.

The Bayesian method has a special interest that
comes from its ability to take into consideration the
uncertainty of parameters in fitted probabilistic laws
and a priority given to information (MoRGAT and
SHAH 1979; CampELL 1982, 1983). The advantages of
the method used are in its simplicity; it does not re-
quire such intermediate steps of investigation as
earthquake scenarios, estimates of bimodal recur-
rence model of magnitude distribution, and bootstrap
procedures (LAMARRE et al. 1992). Rather, the method
is straightforward and needs only a seismic catalog
and seismological information.

We applied a procedure developed by PisaARENKO
et al. (1996) in order to examine earthquake hazard
for the 15 different regions of Western Anatolia. For
this purpose, earthquake hazard parameters (M .x, f
value, and activity rate or intensity /) and their
uncertainties are computed. In addition, the quantiles
of M,.x probabilistic distribution in future time in-
tervals of 5, 10, 20, 50, and 100 years are estimated.

2. The Tectonics of Western Anatolia

The Aegean Arc and Western Anatolian Extension
Zone play important roles in the geodynamic evolution
of the Aegean region and Western Anatolia. Although
the North Anatolian Fault is the largest fault system
outside of the system, the Aegean Region is observed to
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commonly experience earthquake movement and is one
of the regions with the most rapidly changing shapes in
the world (KaHrRAMAN et al. 2007). The tectonics of the
Aegean region and Western Anatolia have been inves-
tigated by a number of researchers (LE picHON and
ANGELIER 1979; SENGOR 1987; BARkA and REILINGER
1997; SEyziToGLU and ScotT 1992, 1996; KocYiGiT et al.
1999; SaLk and Sart 2000; KAHRAMAN ef al. 2007). A
number of tectonic and seismotectonic models have
been investigated to determine the seismogenic struc-
ture of Western Anatolia (DEwEy 1988; SEviTOGLU and
Scort 1992, 1996; KocyiGiT et al. 1999), and re-
searchers have found that the region has a complex
structure (BLUMENTHAL 1962; BRUNN et al. 1971, PoissoN
1984, 1990; Marcoux 1987; KisseL et al. 1993; FrizoNn
et al. 1995). The structures in Western Anatolia have
developed in the directions of NW-SE, NE-SW, N-S,
and E-W, and they are oriented in the form of four
separate block faults; these structures are called “cross-
graben” formations (SENGOR et al. 1985; SENGOR 1987).
The area is currently experiencing an approximately N—
S continental extension at a rate of 30-40 mm/year
(OrAL et al. 1995; LE picHON et al. 1995). The Anatolian
plate rotates counterclockwise with an average velocity
of 24 mm/year (MccLusky et al. 2000).

Western Anatolia has developed several graben
trending E-W and WSW-ESE, depending on the N-
S directional extension tectonics (DEWEY and SENGOR
1979; JacksoN and Mckenzie 1984; SENGOR 1982;
SENGOR et al. 1984). The Aegean Graben System (for
example, Kiiciik Menderes, Biiyiik Menderes, Gediz,
Bakirgay, Simav, Gokova, Kiitahya, and Edremit
Grabens) generally occurred on E-W trending normal
faults and is located trending E-W on a number of
graben blocks (BozkurT and S6zBiLiR 2004; YiLMAZ
et al. 2000; DEwEY and SENGOR 1979; SEYITOGLU et al.
1992).

The eastern part of the region studied includes the
NW-SE trending Beysehir, Dinar, and Aksehir-Afyon
Grabens and the NE-SW trending Burdur, Acigdl,
Sandikli Civril, and Dombayova Grabens and their
bounding faults (e.g., Bozkurr 2001). The Biiyiik
Menderes Graben is located between the Aegean and
Denizli and is approximately 200-km long. The east-
ern end of the graben intersects Pamukkale around the
Gediz graben (AMBRASEYSs and FINKEL 1995). Western
Anatolia corresponds with the normal strike-slip
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component of NE-SW lines, for example, the Fethiye-
Burdur Fault Zone, the Tuzla Fault, and the Bergama
Foca Fault. Normal NW-SE faults are located in
Southwestern Anatolia. The normal component of the
Fethiye—Burdur Fault Zone is a left-lateral strike-slip
fault. This fault system is a process of the northeastern
Pliny-Strabo system forming the eastern flank of the
Aegean Arc (DUMONT et al. 1979; SAROGLU ef al. 1987;
PricE and Scotr 1994). The E-W trending Gediz,
Biiyiikk Menderes, and Kiicilk Menderes Faults are
located in the central region of Western Anatolia. The
Simav, Kiitahya, and Eskigehir Faults north of these
faults show similar features. The Eskisehir Fault is a
WNW-ESE trending fault and is found in the east
between Bursa and Afyon. The normal component has
a right lateral movement (SAROGLU et al. 1987). The
NE-SW basin is located among S—W and WN-ESE
trending normal faults. NE-SW basins are located
south of the Izmir Graben, and these trending faults are
active. In addition, several NNE-SSW-trending strike-
slip faults and N-S-striking active normal faults such
as the Bergama-Zeytindag Fault Zone and the Orhanli
Fault Zone are located in the region (S6zgiLir 2002).
The Orhanli Fault Zone is the most continuously
traceable fault. Other potentially active faults are the
Izmir Fault trending in an E-W direction and the
Manisa Fault near Manisa city (Bozkurt and Sozsi-
LiR 2006). The Gokova Fault must be traced on a line
trending in an E-W direction along the northern coast
of Gokova Bay in the southern part of the Western
Anatolian zone. The Karaburun-Gulbahce Fault occurs
in the Karaburun Peninsula and is believed to be
predominantly a strike-slip fault (SAROGLU et al. 1992;
OcakoGLU et al. 2004, 2005; AxTué and KILICOGLU
2006).

3. Seismogenic Source Regions and Data

The database used in this work was compiled from
several different sources and catalogs such as IRIS
(2013), the INCORPORATED RESEARCH INSTITUTIONS
For SEisMoLoGY (TURKNET 2013), the Internation-
al Seismological Centre (ISC), and the Scientific
and Technological Research Council of Turkey
(TUBITAK); data are provided in different magnitude
scales. The catalogs include different magnitude scales
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(M, body wave magnitude, M, surface wave magni-
tude, M; local magnitude, Mp duration magnitude, and
My moment magnitude), origin times, epicenters, and
depth information of earthquakes.

An earthquake data set used in seismicity or
seismic hazard studies must certainly be homoge-
nous; in other words, it is necessary to use the same
magnitude scale. However, the earthquake data ob-
tained from different catalogs have been reported in
different magnitude scales. Therefore, all earthquakes
must be redefined in the same magnitude scale.
Bayrak et al. (2009) developed several relationships
among different magnitude scales (M, body wave
magnitude, M, surface wave magnitude, M local
magnitude, Mp duration magnitude, and My moment
magnitude) in order to prepare a homogenous earth-
quake catalog from different data sets. The size of
earthquakes that occurred before 1970 are given M
scale in the catalogs compiled in this study. Only, the
magnitudes of earthquakes that occurred after 1970
are converted to M, Finally, we prepared a ho-
mogenous earthquake data catalog for M magnitude
using relationships, and we have considered only the
instrumental part of the earthquake catalog
(1900-2013) for the Bayesian method.

In order to evaluate earthquake risk and/or hazard
of a region, foreshocks and aftershocks should be
extracted from earthquake catalogs. In other words, it
is necessary to decluster the catalogs. In this study,
we used the REASENBERG (1985) algorithm which uses
interaction zones in space in time to link earthquakes
into clusters to decluster the homogenous catalog.

The method is applied in the Western Anatolian
region where a vast variation of seismicity and tec-
tonics is observed throughout the region. In this
study, we used the regions defined by Bayrak and
Bayrak (2012). They divided Western Anatolia into
15 seismic regions on the basis of seismicity, tec-
tonics, and the focal mechanism of earthquakes in
order to develop a detailed analysis of seismic hazard
in the region with an updated and more reliable
earthquake catalog. The regions shown in Fig. 1 are
as follows:

1. Region: Aliaga Fault.
2. Region: Akhisar Fault.
3. Region: Eskisehir, inonii Dodurga Fault Zones.
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Figure 1
Delineation of the 15 different s%)urce regions of Western Anatolian
the basis of seismicity, tectonics, and focal mechanism of
earthquakes. The epicentral distribution of earthquakes of M > 4
occured during the period 1900-2013 is also shown with the
different symbols

Region: Gediz Graben.

Region: Simav, Gediz-Dumlupinar Faults.

Region: Kiitahya Fault Zone.

Region: Karova-Milas, Mugla-Yatagan Faults.

. Region: Biiyliik Menderes Graben.

. Region: Dozkiri-Cardak, Sandikli Faults.

10. Region: Aegean Islands.

11. Region: Aegean Arc.

12. Region: Aegean Arc, Marmaris, Koycegiz,
Fethiye Faults.

13. Region: Golhisar-Cameli, Acigol, Tatarli Kum-
danli Faults, Dinar Graben.

14. Region: Sultandag: Fault.

15. Region: Kas and Beysehirgolii Faults.

© 0N oL e

4. Method

The technique that was used is described in detail
in papers about the method (PiSARENKO et al. 1996;
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Pisarenko and LyuBusHIN 1999; T'sapranos et al. 2001,
2002; LyuBusHIN et al. 2002; Tsapanos and CHRISTO-
va 2003; Tsapanos 2003, LyuBusHIN and PARVEz
2010; Yapav et al. 2012). A brief description of the
method is given below.

Let R be the value of magnitude (M), which is a
measure of the size of earthquakes that occurred in a
sequence on a past-time interval (—1,0):

(n)

R"” =(Ri,..,R,), R;>Ro,R, =max(Ry,...,R,),
1<i<n,

(1)

where i = 1, 2, ..., n and R, is the minimum cutoff

value of magnitudes (M), i.e., defined by possibilities
of registration system, or it may be a minimum value
from which the value written in Eq. (1) is statistically
representative.

Two main assumptions for Eq. (1) were proposed.
The first assumption is that Eq. (1) follows the G-R
law of distribution:

X efﬂRo — efﬁx
Prob{R<r} = F(R—o,p7ﬁ> — g 2)
R, <x<p.

Here, p is the unknown parameter that represents
the maximum possible value of R, for instance, ‘max-
imum regional magnitudes (M)’ in a given seismogenic
region. The unknown parameter b is the ‘slope’ of the
Gutenberg—Richter law of magnitude—frequency rela-
tionship at small values of x when the dependence
(Eq. 2) is plotted on double logarithmic axes.

The second assumption is that / is an unknown
parameter and a Poisson process with some activity
rate or intensity 4 in the sequence (Eq. 1). If three
unknown parameters (p, 5, and 1) can be written, the
full vector is

0= (p, B, ). (3)

Apparent magnitude is a magnitude that is ob-
served, i.e., those values that are presented in seismic
catalogs. True magnitude is a hidden value and is
unknown,; it is defined by the formula

R=R+e (4)

Let (x19) be a density of probabilistic distribution
of error ¢ where J is a given scale parameter of the
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density and epsilon (¢) value is the error between the
true magnitude (R) and the apparent magnitude (R).
We can estimate values of true magnitude taking into
account different hypotheses about the probability
distribution of epsilon (for example, uniform) and
about parameters of this distribution. Below, we shall
use the following uniform distribution density:

n(x|5) = % <6 n(xd) =0,x >3 (5)

Let II be a priori uncertainty domain of values of
parameters 0

I = {)~min</1 < ;bmaxa ﬁmin < ﬁS Bmax?pmin <p< pmax}'
(6)

We should consider the a priori density of the
vector 0 to be uniform in the domain I7..

According to the definition of conditional prob-
ability, o-posteriori density of distribution of vector
of parameters 0 is equal to

=(n) . f(07ﬁ(n>|5)
f(0|R »5) :T' (7)

(&)
But f 9\13(’”,5) _ f(ﬁ<n>|0752 x f4(0), where
F4(0) is the o priori density of the distribution of

vector 0 in the domain 7. As f*(0)) = const according
to our assumption and taking into consideration that

f(ﬁ(”’ 6) = / f<ﬂl(2n)

Then, we will obtain using a Bayesian formula
(Rao 1965). The Bayesian formula is as follows:

~(n)
P s - UE)

[f (7%") v, 5> av

An expression for the function (f <HI<€n)'0, 5>>
should be used in Eq. (9).

In order to use Eq. (9), w > st have an expres-
sion for the function f C R 10, (?j With the
assumption of Poissonian tharacter’ sequence in

Eq. (1), and independent of its members, should give
us

0, 5) do. (8)
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F(R™10.6) = F(R1[0,9).... F(R.10.)
y exp(—A(0,8)7) x (—4(0, 5)1)"'

n!

(10)

Now, we can compute a Bayesian estimate of
vector 0:

0(R")5) = /Vf(vﬁ(e"),a)dv. (11)

n

An estimate of maximum value, p, is one of the
computations of (Eq. 11). We must obtain Bayesian
estimates of any of the functions to use a formula
analogous to Eq. (11).

One of the computations in (Eq. 11) contains an
estimate of maximum value of p. Using a formula
analogous to Eq. (11), we must obtain Bayesian es-
timates for any of the functions. The most important
are estimates of quantiles of distribution functions of
true and apparent values on a given future time in-
terval [0,T], for instance for o quantiles of apparent
values

?(a\fe(”),a) _ / Yr(a|V,0) x f(VI 7<e'1>,5>dv,

n (12)

Yr (5 HI(QH), 5), for o quantiles for true values is
written* analogously to Eq. (12). We must estimate
variances of Bayesian estimates (Eqgs. 11, 12) using
averaging over the density (Egs. 9, 10). For example:

Var{f’r(am("),é)} - / (Yr(odV, 5) — f/r(am‘"),s))z

xf(V| ® 6) av.
(13)

First of all, we will set p,,;, = R; — 0. As for the
values of pnax, they depend on the specific data in the
series (Eq. 1) and are produced by the user of the
method. Boundary values for the slope f are esti-
mated by the formula

ﬁmin:(ﬁo'(l_y))’ﬂmax:ﬁo'(1+V)7 (14)

O<y<l.
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Po is the “central” value and is obtained as the
maximum likelihood estimate of the slope for the
Gutenberg—Richter law

n I ﬁe*ﬁR' Max: 0
Zi—l n m - ax7ﬁ7ﬂ8( 7ﬁs)7

(15)

where fi is a rather large value.

For setting boundary values for the ¢ activity rate
or intensity (4) in Eq. (6), we used the following
rationale. As a consequence of normal approximation
for a Poisson process for a rather large n (Cox and
Lewis 1966), the standard deviation of the value At
has the approximation value /n = vz, Thus, taking
boundaries at +34, we will obtain

3 3
j-min:lo | ——— 7)~max:/1 1 e
( Fm) ”( +¢Tor>
Jo -
do=—2 o=
O By 0)

a3

(16)

5. Results and Discussion

Earthquake hazard parameters (maximum re-
gional magnitude M., f value, and activity rate 1)
have been estimated in the examined area using
Bayesian statistics provided by PISARENKO et al.
(1996) and a homogenous and complete seismic
catalog of Mg > 4 during the period 1900-2013. The
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reliability of the estimation of hazard parameters (/3
value and activity rate or intensity 4) depends upon
the time period covered by the instrumental catalog.
The Bayesian method requires a priori distribution of
unknown parameters, but the a priori distribution is
negligible for a large sample. There is an advantage
of this method, in that it considers magnitude
uncertainties as well in the computation of hazard
parameters. There is no priori advantage in using
normal or Gaussian distributions, such as Kuko and
SeLLEVOLL (1992) did for the estimation of error in
magnitudes as also observed by Pisarenko and
LyuBusHIN (1997) and Tsapanos et al. (2001).
Therefore, uniform distribution is applied in this
analysis. We used the software compiled by Pis-
ARENKO and LyuBusHIN (1997).

The Bayesian approach is a more time consuming
method (PiSARENKO et al. 1996) but provides more
stable results than unbiased approaches. With this
purpose, we have also tabulated the maximum ob-
served magnitude (M%) in Table 1 with other
parameters. In this study, the estimated maximum
regional magnitudes are in quite good agreement with
the maximum observed magnitudes and their differ-
ences. The maximum regional magnitude (M ,ax)
estimated by this method is comparable and more
reliable than the other estimates obtained by different
approaches. The close agreement between estimated
M max and M2 validates the high quality of data used
and appropriateness of the adopted cutoff magnitude.

Table 1

The estimates of the Bayesian analysis for the 15 different source regions of Western Anatolia

Region Region ad1 N Miax & Oymax - MY B oap =Xy

1 Aliaga Fault 129  7.29 £+ 0.58 6.6 1.84 £ 0.17 031 £0.27
2 Akhisar Fault 51 746 +£0.57 6.6 216 £0.30 0.12 £ 0.17
3 Eskisehir, Inénii Dodurga Fault Zones 48 7.15 £ 0.64 6.4 1.70 £ 0.27 0.11 £0.16
4 Gediz Graben 38 7.04 £0.79 5.9 235+£0.38 0.11 £0.18
5 Simav, Gediz-Dumlupinar Faults 331 7.01 £0.72 6.2 2.66 + 0.15 0.12 £+ 0.66
6 Kiitahya Fault Zone 29 6.00 £+ 0.88 53 1.81 £0.37 0.85+0.15
7 Karova-Milas, Mugla-Yatagan Faults 172 7.33 £ 0.61 6.5 2.13 £0.16 0.42 £ 0.31
8 Biiyiik Menderes Graben 95 7.53+£052 6.8 201 +£0.21 022+0.22
9 Dozkir1-Cardak, Sandikli Faults 52 7.17 £ 0.67 6.3 1.74 £0.26  0.15 £ 0.20
10 Aegean Islands 292 8.06 £ 0.25 1.1 1.99 £ 0.11 0.82 £ 0.47
11 Aegean Arc 530  7.69 £ 0.43 7.1 2.11 £0.93 0.13 £ 0.58
12 Aegean Arc, Marmaris, Koycegiz, Fethiye Faults 413  7.68 £ 0.43 7.1 2.02 £ 0.10 0.11 £0.55
13 Golhisar-Cameli, Acigol, Tatarli Kumdanli Faults, Dinar Graben 123 7.66 + 0.48 6.9 3.08 +£0.27 0.32 +£0.28
14 Sultandag: Faults 46 7.71 £ 045 7.0 225+£0.33 0.11 £0.16
15 Kas ve Beysehirgolii Faults 187 7.50 &+ 0.52 6.8 1.95+0.14 049 +035
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The reliability of the estimation of hazard parameters
(p value and activity rate or intensity 4) depends upon
the time period covered by the instrumental catalog.

The M,,.x values computed using the Bayesian
method are listed in Table 1 and the map showing
them is in Fig. 2 for the 15 different regions of
Western Anatolia. M,.x values vary between 6.00
and 8.06. The lowest M,,,, value (Mfl‘gfs = 6.00) is
estimated for the Kiitahya Fault Zone region. The
second group of M. values varying between 6.5
and 7.5 and is estimated in the regions of 1, 2, 3, 4, 5,
7, and 9, related to the northern part of Western
Anatolia. The third group of M., values varies be-
tween 7.5 and 8.0 and is observed in the regions of 8§,
11, 12, 13, 14, and 15, related to the southern part of
Western Anatolia. Earthquakes larger than 6.8
(Table 1) have occurred in these regions, including
the Biiyliik Menderes Graben, the Aegean Arc, Mar-
maris, the Koycegiz-Fethiye Faults, the Tatarli-
Kumdanli Faults, Dinar Graben, the Sultandagi Fault,
and the Kas-Beysehirgolii Faults. The largest earth-
quake in these regions was observed in regions 11

Latitude (degrees)

33+ T T T T T T T
26 27 28 29 30 31 32 33

Longitude (degrees)

Figure 2
The map of distribution of the M,,,,, values calculated by Bayesian
method for the 15 different source regions of Western Anatolia
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and 12 as 7.1. The highest M.« values (8.06) close to
the size of the earthquake that occurred in 1926
(Table 1) are computed in region 10, which com-
prises the Aegean Islands.

Bayrak and Bayrak (2013) estimated the values
of the upper bound w using the Gumbel III method
(GII) for the 15 different seismogenic source zones
used in this study in Western Anatolia. Using this
method, w values are considered as M,,,, values for
any region. We compared the results of M, values
computed from the Bayesian approach in this study
with the results found by BAYrRak and Bayrak (2013).
The distribution of M.« (GIII) and M,,,x (Bayes)
values is shown in Fig. 3 for the different regions of
Western Anatolia. The numerals on the graph repre-
sent the region numbers. Using the least squares (LS)
method, we developed a relationship between M.«
values computed by two different methods, as shown
in Fig. 3:

M. (Bayes) = 0.85 X M, (GIID) + 1.60.  (17)

The correlation coefficient, r, is approximately
0.90 for Eq. (17). This means that there is a strong

85
Mmax(Bayes)=0.85*Mmax(G-111)+1.60 7 '
| (r=0.90) L
8 -
W 75
Q
>
©
e -
g
= 77
6.5 -
.
6
6 T T T T T T T T T
55 6 6.5 7 75 8
Max (GIIN)
Figure 3

The relationship between M,,,x(GIII) and M,,,«(Bayes) values for

the 15 different source regions of Western Anatolia. The regions

are showed the numbers from 1 to 15 on the graph. Straight line is

the linear regression and dashed lines are 95 % confidence limits
and r is the correlation coefficient
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A posteriori probability densities of M,,,,(7) for a ‘apparent magnitude’ and b ‘true magnitude’ showing statistical characteristics of seismic
hazard parameters for region I (Aliaga Fault) in next 7 =5, 10, 20, 50, and 100 years

relationship between M., values found by the two
methods. The straight line in Fig. 3 is the linear re-
gression, and the dashed lines are 95 % confidence
limits of the linear regression. Except for region 4 and
region 6, the other regions remain in the confidence
interval limits. M ,,, values computed from GIII for
15 different seismogenic source regions are larger
than those derived using the Bayesian method. Since
the observed maximum magnitudes and the level of
seismicity in the regions of 4 and 6 (Table 1) are
lower than that of other regions, the computed values
for these regions are outside confidence limits.

The estimated earthquake hazard parameters (f8
value and activity rate or intensity A with events per
day) are listed in Table 1. The method provides the
mean “apparent” f and A values as well as the ‘true’
values, which are listed in Table 1. As an example,
for the Aliaga Fault region (region 1), we estimated
the ‘apparent’ f§ value as 1.83, while the “true” mean
f value was estimated to be 1.84. The mean intensity
or activity rate A is 0.31 (events/day) for “apparent”
as well as “true” values. The computed f values vary
between 1.70 and 3.08. The highest value is observed
in region 13 (the Golhisar-Cameli, Acigol, and Tatarli
Kumdanli Faults and the Dinar Graben), while the
lowest value is observed in region 3 (the Eskisehir
and Inénii-Dodurga Fault Zones). Different numbers
of earthquakes in different parts of the magnitude—

frequency relationship are considered for the esti-
mation of slope f value in the Bayesian method.
Therefore, a significant number of earthquakes are
used to estimate it for lower magnitude and fewer at
larger magnitudes.

The useful probabilistic tools for earthquake
hazard evaluation are estimated and demonstrated for
15 seismogenic source regions in Western Anatolia.
A posteriori probability density and a posteriori
density function for both apparent and true magni-
tudes M,,.«(T) that will occur in future time intervals
of 5, 10, 20, 50, and 100 years are estimated for re-
gion 1 (the Aliaga Fault). The a posteriori probability
density for the apparent and true magnitudes
M.x(T) (Fig. 4) as well as the a posteriori prob-
ability distribution function for the apparent and true
M ax(T) magnitudes (Fig. 5), that will occur in future
time intervals of 5, 10, 20, 50, and 100 years is il-
lustrated for region 1 seismogenic source region.
These figures are useful probabilistic tools in the
earthquake hazard analysis in the examined region.
We have also calculated ‘tail’ probabilities
P(M,.x(T) > M) of the apparent and true magnitudes
for all source regions, but this is shown in Fig. 6 only
for region 1 for the future time intervals of 5, 10, 20,
50, and 100 years. The other important quantiles that
can be considered for hazard estimation are the ‘tail’
probabilities P(M,,x(T) > M) for the apparent as
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‘Tail’ probabilities I — (M) = Prob(M,,.x(T) > M) for a ‘apparent magnitude’ and b ‘true magnitude’ showing statistical characteristics of
seismic hazard parameters for region I (Aliaga Fault) in next T = 5, 10, 20, 50, and 100 years

well as for the true magnitudes. Lastly, we have es-
timated a posteriori M-quantiles for the 15 source
regions in the examined region and for probabilities
0.50, 0.70, and 0.90 in future time intervals of 5, 10,
20, 50, and 100 years. The seismogenic source re-
gions and graphs of their distribution are illustrated
(Figs. 7, 8). In these figures, the quantiles of the
levels of probability (o« = 0.50, 0.70, and 0.90) are
shown for each region. We also computed their
confidence limits. The quantiles for both apparent and
true magnitudes for probabilities of 0.50, 0.70, and
0.90 are estimated and tabulated. It can be observed

that the differences between apparent and true mag-
nitude quantiles are very low, and this is due to the
good quality of the data used. The time periods
T = 50 and 100 years are considered as appropriate
time intervals for the estimation of seismic hazard,
but anyone interested in shorter periods may obtain
the appropriate estimate of M-quantiles. It has been
observed that the shorter the time interval, the more
appropriate are the results obtained.

We have used 110 years of seismic catalogue to
calculate earthquake hazard parameters in this study
which reveals that the estimates of M-quantiles for next
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The quantiles of the ‘apparent magnitudes’ M,,..(T) estimated for the levels of probability (1) « = 0.50, (2) « = 0.70, and (3) o = 0.90 for the
15 different source regions of Western Anatolia future T = 5, 10, 20, 50, and 100 years

Region  Region name Future years
5 10 20 50 100
(1) Quantiles of probability level 0.5
1 Aliaga Fault 525+£0.10 561013 595+£0.14 635+0.18 6.61 £0.22
2 Akhisar Fault 493 £0.09 519£0.13 550+0.17 591+021 6.20=+0.23
3 Eskisehir, Inonii Dodurga Fault Zones 505+£0.11 5354+015 570+£0.18 6.12+021 640 £0.25
4 Gediz Graben 467 £0.10 490=£0.13 518+ 0.17 554+021 579+0.24
5 Simav, Gediz-Dumlupinar Faults 5.50 + 0.07 5.74 + 0.08 5.96 + 0.10 6.23 + 0.15 6.41 + 0.21
6 Kiitahya Fault Zone 474 £0.07 492+£0.10 515+0.13 542+0.22 558+0.30
7 Karova-Milas, Mugla-Yatagan Faults 513 £0.09 5454+0.11 576£0.12 6.14 £0.15 640 £ 0.18
8 Biiyiik Menderes Graben 520+ 0.10 553+£0.13 586+£0.15 628 +0.18 6.56+ 0.20
9 Dozkiri-Cardak, Sandikli Faults 485 +0.13 519+£0.17 555+020 599+0.23 628 +£0.26
10 Aegean Islands 555+0.09 589+£011 624+£0.12 6.67+0.14 699 +0.15
11 Aegean Arc 570 £0.07 6.02+008 633+£0.09 671+011 697 +£0.13
12 Ege Yayi, Marmaris, Koycegiz, Fethiye Faults 568 £0.08 6.02+009 633£0.10 673+0.12 699 +£0.15
13 Golhisar-Cameli, Acigol, Tatarli Kumdanl 5.21 £ 0.07 5.44 £+ 0.08 5.67 £ 0.10 5.96 + 0.13 6.18 £ 0.14
Faults, Dinar Graben
14 Sultandagi Fault 488 +£0.09 512+£0.13 5424017 583+£022 6.13 £0.25
15 Kas ve Beysehirgolii Faults 531 £0.10 566+012 599+£0.13 640+0.16 6.68 £0.18
(2) Quantiles of probability level 0.7
1 Aliaga Fault 559+0.13 593+0.14 624+£0.16 6.60+ 021 6.81 +0.27
2 Akhisar Fault 523 £0.13 5504017 580+£020 6.19+023 645+£0.25
3 Eskisehir, Inonii Dodurga Fa Zones 540 £0.15 570+0.18 6.02+£020 6.39+025 6.61 £0.30
4 Gediz Graben 494 +£0.13 517+£0.17 5444+020 578+£024 6.02+0.27
5 Simav, Gediz-Dumlupinar Faults 573 +0.08 596+0.10 6.16£0.13 640+021 6.56 + 0.27
6 Kiitahya Fault Zone 499 £0.10 516=£0.13 535+0.19 557+030 571 +0.38
7 Karova-Milas, Mugla-Yatagan Faults 544 £0.11 574+012 6.04+£0.14 639+0.17 6.63 £0.22
8 Biiyiik Menderes Graben 553 +£0.13 5854015 6.17+£0.17 6.55+020 6.80 £0.22
9 Dozkir1-Cardak, Sandikli Faults 521 £0.16 5544+020 588+£0.22 627+026 6.52+0.31
10 Aegean Islands 588+0.11 622+£0.12 655+£0.14 697+0.15 7.26£0.15
11 Aegean Arc 6.01 £0.08 632+0.09 6.61+£010 696+0.13 7.18 +0.17
12 Ege Yayi, Marmaris, Koycegiz, Fethiye Faults 6.00 +£0.09 632+£0.10 6.62+£0.12 698 +0.15 7.20 =% 0.19
13 Golhisar-Cameli, Acigol, Tatarli Kumdanl 543 £0.08 566+0.10 588+£0.12 6.17+0.14 639 £0.16
Faults, Dinar Graben
14 Sultandagi Fault 517 £0.13 5424017 572+£021 6.12+025 6.40 £ 0.27
15 Kas ve Beysehirgolii Faults 565+0.12 598+0.13 630£0.15 6.67+0.18 691 +0.22
(3) Quantiles of probability level 0.9
1 Aliaga Fault 6.17 +£0.16 646 +£0.19 6.70+£024 695+032 7.09+0.38
2 Akhisar Fault 577+£0.19 6.03+022 631+£024 6.64+027 6.85=£0.30
3 Eskisehir, Inénii Dodurga Fault Zones 6.00 +£0.20 624 +£022 649+£027 675+034 691 %040
4 Gediz Graben 543 £0.19 565+022 589+£025 6.18+030 638 £0.35
5 Simav, Gediz-Dumlupinar Faults 6.11 +£0.12 631 £0.17 647 £023 6.66+032 6.78 & 0.39
6 Kiitahya Fault Zone 537+£020 550+025 564+£033 5804045 589 +£0.53
7 Karova-Milas, Mugla-Yatagan Faults 597+0.14 625+£0.16 650+£0.19 678 +£026 696+ 0.32
8 Biiyiik Menderes Graben 6.10 £0.17 639+0.19 6.67+£021 697+025 7.16£0.29
9 Dozkiri-Cardak, Sandikli Faults 583+021 611 +£024 638+£028 6.68+035 6.85+041
10 Aegean Islands 648 £0.13 6.80+0.14 7.10+£0.15 745+0.15 7.65+£0.16
11 Aegean Arc 654 +£0.10 6.82+0.12 7.06£0.15 732+021 747 +0.26
12 Ege Yayi, Marmaris, Kdycegiz, Fethiye Faus 6.55+0.11 683+0.13 7.08=£0.16 733+£023 748 £0.27
13 Golhisar-Cameli, Acigol, Tatarli Kumdanl 583+0.12 605+£0.13 627+£0.15 655+0.17 6.75+0.18
Fauls, Dinar Graben
14 Sultandag: Fault 571 +£020 596 +023 624+£026 6.61+028 6.86+ 0.29
15 Kas ve Beysehirgolii Faults 622 +0.14 652+0.16 678£0.19 7.06=+026 723 +£0.31
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Table 3

The quantiles of the ‘true magnitudes’ M,,..(T) estimated for the levels of probability (1) o. = 0.50, (2) o. = 0.70, and (3) 0. = 0.90 T = 5, 10,
20, 50, and 100 years

Region  Region name Future years
5 10 20 50 100
(1) Quantiles of probability level 0.5
1 Aliaga Fault 524 £0.11 559+£0.13 593+£0.15 634£0.18 659 +0.22
2 Akhisar Fault 492 +£0.10 5.18=+0.13 549+0.17 589+021 6.18+023
3 Eskisehir, Inonii Dodurga Fault Zones 505+£0.11 534+£0.15 569+0.18 6.11£021 638 +£0.25
4 Gediz Graben 4.66 £0.10 488 +0.14 516=+0.17 552+£021 578 +0.24
5 Simav, Gediz-Dumlupinar Faults 548 +£0.07 572+008 595+0.10 621 +0.15 639 +0.21
6 Kiitahya Fault Zone 473 £0.07 491 +0.10 5.14+0.14 540+£022 555+0.31
7 Karova-Milas, Mugla-Yatagan Faults 5124+ 0.09 543 +0.11 574+£0.13 6.13+£0.15 6.39+0.18
8 Biiyiik Menderes Graben 519+ 0.10 552+0.13 585+£0.15 626+0.18 6.55=£0.20
9 Dozkiri-Cardak, Sandikli Faults 484 +0.13 518+ 0.17 554+020 598 +023 627 %026
10 Aegean Islands 554 +0.09 588 +0.11 622+£0.12 6.66=+0.14 6.97 £0.15
11 Aegean Arc 5.69 £0.07 6.01 £0.08 631+£0.09 670=£0.11 695=+0.14
12 Ege Yayi, Marmaris, Koycegiz, Fethiye Faults 5.67 £0.08 6.00+0.09 632+0.10 6.71+£0.12 6.97 £0.15
13 Golhisar-Cameli, Acigol, Tatarli Kumdanli Faults, 519 £ 007 542+009 565+£011 594+£0.13 6.16+£0.15
Dinar Graben
14 Sultandagi Fault 487 +£0.09 5.11+0.13 541 +0.17 581 +022 6.11+0.25
15 Kas ve Beysehirgolii Faults 530£0.10 565+£0.12 598 +0.13 639+0.16 6.67+£0.18
(2) Quantiles of probability level 0.7
1 Aliaga Fault 558+0.13 592+0.15 623+£0.17 658 +0.21 6.80+£0.27
Akhisar Fault 522+£0.13 548+£0.17 579+£020 6.17+£023 644 +£0.25
3 Eskisehir, Inonii Dodurga Fault Zones 540 £0.15 568 £0.18 6.00+020 637+025 6.60=+0.30
4 Gediz Graben 493 £0.13 5.16+0.17 543 +£020 577 +024 6.00=+ 0.28
5 Simav, Gediz-Dumlupinar Faults 571 +£0.08 594 +£0.10 6.14+0.14 638 +0.21 6.53 £0.28
6 Kiitahya Fault Zone 498 £0.10 5.15+0.13 534+0.19 555+£031 5.67 %040
7 Karova-Milas, Mugla-Yatagan Faults 542 +£0.11 573+£0.12 6.03£0.14 638+£0.18 6.61+0.22
8 Biiyiik Menderes Graben 552+0.13 584 +0.15 6.15+£0.17 6.54+020 6.79£0.22
9 Dozkir1-Cardak, Sandikli Faults 520£0.16 553+£020 586+0.22 6.26+£026 6.51+0.31
10 Aegean Islands 587+0.11 621 +0.12 654+£0.14 696+0.15 7.25+£0.15
11 Aegean Arc 599 +£0.08 630+£009 6.60+010 694+0.13 7.16+£0.18
12 Ege Yayl, Marmaris, Koycegiz, Fethiye Faults 599 +0.09 631+0.10 661+£012 696+0.15 7.18£0.19
13 Golhisar-Cameli, Acigol, Tatarl1 Kumdanli Faults, 541 £0.09 564 +£0.10 586+0.12 6.15+0.15 637 £0.16
Dinar Graben
14 Sultandagr Fault 516 £0.13 541 £0.17 570£0.21 6.10£0.25 6.39 £ 0.27
15 Kas ve Beysehirgolii Faults 563 +0.12 597+0.13 628 £0.15 6.66=+0.18 6.90 £ 0.22
(3) Quantiles of probability level 0.9
1 Aliaga Fault 6.16 £ 0.16 644 £0.19 6.68£024 693 +0.32 7.06=£0.39
2 Akhisar Fault 576 £0.19 6.02£0.22 629 +024 662+027 6.84+0.30
3 Eskisehir, Inonii Dodurga Fault Zones 599+0.20 6.23+023 648+£027 6.73+0.35 6.87 £ 042
4 Gediz Graben 541 £0.19 563 +£022 587+£025 6.16+031 6.35=+0.36
5 Simav, Gediz-Dumlupinar Faults 6.10 £ 0.12 629+ 0.18 645+024 663034 673+£042
6 Kiitahya Fault Zone 536 £020 548 +£0.26 5.60+035 574+£048 581+£0.57
7 Karova-Milas, Mugla-Yatagan Faults 596 +£0.14 623 +0.16 649+0.19 6.77+£0.26 6.93 £0.33
8 Biiyiik Menderes Graben 6.09 £0.17 638 £0.19 6.65+021 696+025 7.14+£0.30
9 Dozkiri-Cardak, Sandikli Faults 582+0.22 6.10+£024 637+£028 6.66=+0.36 6.83 £ 042
10 Aegean Islands 6.46 £0.13 679 £0.14 7.09£0.15 744 +£0.15 7.65+.016
11 Aegean Arc 653 +£0.10 6.80=+0.12 7.05+£0.15 7304022 7.44+0.27
12 Ege Yayi, Marmaris, Koycegiz, Fethiye Faults 6.54 £0.11 682 +0.13 7.06£0.16 7.324+0.23 7.45+0.29
13 Golhisar-Cameli, Acig6l, Tatarli Kumdanl Faults, 581 +£0.12 6.03+£0.14 625£0.15 653+0.17 6.73 £0.18
Dinar Graben
14 Sultandag: Fault 570+ 020 594 £023 623 +£026 659 +0.29 6.84=+0.29

15 Kas ve Beysehirgolii Faults 621 £0.15 651 +0.16 677 £020 7.05+0.26 7.21 £0.32
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100 years are reasonable. The apparent and true mag-
nitudes for 50, 70, and 90 % probability levels within
the next 5, 10, 20, 50, and 100 years are calculated for
all seismogenic regions. The estimated values are
listed in Tables 2 and 3. For the next 100 years, the
apparent magnitudes with 90 % probability for the 15
different regions in Western Anatolia are found to be
7.09,6.85,6.91,6.38,6.78,5.89,6.96,7.16, 6.85, 7.65,
7.47,7.48, 6.75, 6.86, and 7.23, respectively. The true
magnitudes for the same parameters for the regions are
computed as 7.06, 6.84, 6.87, 6.35, 6.73, 5.81, 6.93,
7.14, 6.83, 7.65, 7.44, 7.45, 6.73, 6.84, and 7.21, re-
spectively. The highest apparent and true magnitude
values in these regions are equal to 7.65 and observed
inregion 10 comprising the Aegean Islands for the next
100 years. If we compare these two tables, it is easy to
observe that the values recorded in Table 3 are less
than those in Table 2. This is obvious since Table2
includes the magnitudes (apparent) of Table 3 (true)
plus the error ¢. The differences between these two
values are very low, and we believe that this depends
upon the quality of the data, which includes minor er-
rors. Therefore, the efficiency of the data included in
Tables 2 and 3 and the results of the analysis are almost
the same (Fig. 8).

6. Conclusions

The instrumental earthquake catalog that is ho-
mogenous for Mg > 4.0 was used during the period
1900-2013 to evaluate earthquake hazard parameters
for the 15 seismogenic source regions in Western
Anatolia using the Bayesian method. For this pur-
pose, maximum regional magnitude (M), 5 value,
and the seismicity activity rate or intensity (1) and
their uncertainty are computed. The maximum re-
gional magnitude is one of the most important
earthquake hazard parameters; therefore, significance
is given to the estimation of this parameter as well as
to the quantiles of the M, distribution in a future
time interval. The computed M., values are between
6.00 and 8.06, while their uncertain values vary be-
tween 0.25 and 0.88. While low values are found in
the northern part of Western Anatolia, high values are
observed in the southern part of Western Anatolia
related to the Aegean subduction zone. The largest

Pure Appl. Geophys.

value is computed in region 10 comprising the
Aegean Islands.

The estimated f§ values for the 15 different re-
gions of Western Anatolia vary between 1.70 and
3.08. In this method, different numbers of earth-
quakes in different parts of the magnitude-frequency
relationship are taken into account for the estimation
of f value. Therefore, a significant number of earth-
quakes are used to estimate lower magnitude and
fewer at larger magnitudes. We estimated earthquake
probabilities in the next 5, 10, 20, 50, and 100 years.
We also computed a posteriori probability densities
of M,..(T), a posteriori probability functions of
Max(T), and ‘tail’ probabilities Prob(Mp.x(T) >
M) for the ‘apparent’ and ‘true’ magnitude values. In
addition, we estimated the quantiles of the ‘apparent
and true’ magnitudes M,,.(T) for the levels of
probability o = 0.50, « = 0.70, and o = 0.90 for the
15 seismic regions of Western Anatolia in the next
T =15, 10, 20, 50, and 100 years. Considering the
estimated parameters, the results indicate that region
10 comprising the Aegean Islands has a very high
probability of experiencing a 7.65 magnitude earth-
quake within the next century.
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