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Abstract
Muğla Province, which has been selected as the study area, is located in the Aegean Exten-
sion Region (AER), where seismic motions are widely observed. Moreover, the AER is 
the most active part of the Eastern Mediterranean Region in terms of seismic activity, and 
this seismicity has been continuing increasingly. This study aims to determine the seismic 
hazard of Muğla Province and its surroundings by using the probabilistic seismic hazard 
method. The earthquake dataset including 19,824 seismic records that were used in the 
research was obtained from the national and international earthquake catalogs. The data 
about the active fault zones in the study area were acquired from the General Directorate of 
Mineral Research and Exploration. The seismic source zones were generated as homogene-
ous areas as possible taking into account the active fault zones. The earthquakes in seismic 
source zones were eliminated based on the time and distance frames. The annual recur-
rence relationships of the source zones were determined using the least-squares method 
taking into account the earthquakes with a magnitude of 5 or above. The peak acceleration 
values on the bedrock were calculated using the attenuation relationships of the selected 
local and global ground motion prediction models. The calculations were performed using 
the SEISRISK III software package utilizing the homogeneous Poisson Process Model 
according to the exceedance probability of 10% for 50 years (corresponding to the return 
period of 475 years). The peak acceleration values on bedrock were found to range between 
0.11 and 0.42. The study revealed that the Gökova fault zone (Zone 4) was the most active 
source in terms of the seismic hazard in the region and that the seismic hazard of the south-
western part of the region was greater compared to other parts.
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1  Introduction

The purpose of seismic hazard analyses is to construct buildings and facilities that can 
meet a certain level of shocks caused by earthquakes by avoiding excessive damage to 
the load-bearing system of these buildings and facilities. It is required to predict the 
level of potential shocks that the building may face to construct these buildings and 
facilities safely. The level of these shocks can be defined by the design ground motion, 
which is characterized by using certain ground motion parameters (İnce 2005). The 
time, location, magnitude, and other characteristics of future earthquakes in a seismi-
cally active region cannot be predicted. Determining the impacts of earthquakes that 
may occur in a certain period on the construction site, particularly, the maximum pos-
sible values of the parameters related to the ground motion that may cause destructive 
effects on the building, is one of the most challenging and important problems of geo-
technical earthquake engineering. Some of the studies in the literature on this subject 
are summarized below.

In the study conducted by Erdik et al. (1985), the seismic hazard map of Turkey was 
generated using probabilistic methods. Deniz and Yücemen (2005) studied the seis-
mic data in various scales regarding the earthquakes that occurred in Turkey, and they 
obtained experimental equations that convert the seismic intensity of these earthquakes 
to the moment magnitude scale by using orthogonal regression methods (total least-
squares method). Finally, they investigated the seismic hazard of the Antalya region 
using stochastic (random) methods. They generated regional seismic sources by analyz-
ing seismic data of the study area with a diameter of 250 km where Antalya is in the 
center for an observation period of one hundred years. Using national and international 
ground motion prediction models (ground attenuation relations), they modeled the seis-
mic hazard of the study area for 475  years based on the Poisson Process Model and 
obtained the peak acceleration values.

In their study on the integrated earthquake risk of the Odunpazarı Municipality of the 
Eskişehir Düzgün and Yücemen (2007) used and revised the seismic source zones that 
were already generated by Bommer et al. (2002). Orhan et al. (2007) examined the earth-
quakes affecting the region for 100  years to determine the seismic hazard of Eskişehir 
Province by using probabilistic methods. In their study on determining the seismic haz-
ard of the Marmara Region, Sayıl and Osmanşahin (2007) used the records of earthquakes 
with an instrumental magnitude of 4 and above for the period 1900–2004, as well as the 
records of the earthquakes that occurred in historical periods. Other studies on the subject 
are listed below.

Orhan et  al. (2007), Yalçın et  al. (2008), Güzel (2009), Dipova ve Cangir (2011), 
Kartal et.al. (2011), Ocak (2011), Unutmaz et  al. (2011), Tosun and Seyrek (2012), 
Akol and Bekler (2013), Işık (2013), Levendoğlu (2013), Ram and Guoxin (2013) Kar-
tal et al. (2014) Özmen and Erkan (2014) Rehman et al. (2014).

In her Ph.D. study, İnce (2005) conducted the micro-zoning of the Old City Dis-
tricts of Istanbul (Fatih and Eminönü districts), and she generated the site amplification, 
liquefaction and landslide hazard maps. The seismic hazards of the region were calcu-
lated by a stochastic method using seismic source zones determined in the Global Seis-
mic Hazard Assessment Program (GSHAP) (1999). The maximum possible horizontal 
acceleration values that might be observed in the region were calculated using the SEIS-
RISK III seismic hazard estimation program (Bender and Perkins 1987) for a period of 
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50 years according to the exceedance probabilities of 10% and 40%. Then, the peak and 
spectral acceleration maps were generated for the ground and bedrock.

Erdik et al. (2006) analyzed tectonic and seismic data of Turkey in detail, and they iden-
tified active fault zones in the region. The researchers generated regional seismic sources 
of the study area to calculate the probabilistic seismic hazards based on the country.

In the study, the short-period earthquakes group, which included all minor earthquakes, 
and the long-period earthquakes group, which included all major earthquakes, were used. 
The missing data were generated by combining both data groups to obtain a homogeneous 
database. Then, this homogeneous dataset was used to determine the seismicity of seismic 
sources. Seismic hazards for the buildings were assessed for their economic life of 50 years 
by calculating the maximum horizontal acceleration values using the SEISRISK III soft-
ware for earthquakes within the periods of 72, 475 and 2475 years, respectively. Then, the 
peak and spectral acceleration maps were generated.

Ansal et  al. (2011) aimed to create a model to determine site amplification and char-
acteristics of a site-specific design earthquake. In this study, they compared the spectral 
acceleration records of the 1999 Kocaeli earthquake with the spectral acceleration values 
generated by the Shake91 software (Idriss and Sun 1992) and the NEHRP (1997) spectral 
acceleration values for the return periods of 475 and 2475 years.

In the present study, the probabilistic seismic hazard of Muğla Province was calculated 
using the SEISRISK III software utilizing the homogeneous Poisson Process Model devel-
oped by Bender and Perkins (1987). The Gökova fault zone and the Fethiye–Burdur fault 
zone stand out as the significant fault zones in the region. The attenuation relationships 
suggested by Boore et al. (1997), Campbell and Bozorgnia (2008) and Kalkan and Gülkan 
(2004) were used to determine the peak ground acceleration values on the bedrock for the 
50-year economic life of the buildings for an exceedance probability of 10%.

1.1 � Probabilistic seismic hazard

As defined in Fig. 1, the probabilistic earthquake hazard analysis can be conducted in four 
steps. In the first step, seismic sources that may affect the region are determined (seismic 
source zoning). In the next step, seismicity or earthquake recurrence–time distribution 
(recurrence relationships) is revealed. In the third step, the ground motion caused by an 
earthquake of any magnitude occurring at any point in the source zone is determined based 
on attenuation relationships. In the fourth step, which is the final one, the exceedance prob-
ability of the ground motion parameter in a certain period is obtained by earthquake occur-
rence models after the uncertainties related to earthquake location, earthquake magnitude 
and ground motion estimation are combined (Kramer 1996).

1.2 � Modeling the seismic hazard

The probabilistic seismic hazard analysis method, which was first introduced by Cor-
nell (1968), provides successful results. The model takes into account the uncertainties 
in the magnitude, locations and frequency of earthquakes together with the changes in 
their magnitudes and locations, and the characteristics of ground motion while mod-
eling the seismic hazard. The purpose of seismic hazard analysis is to systematically 
combine data of previous earthquake events from various disciplines using statistical 
methods and to determine the probabilities of seismic activities that can be expected at 
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the construction site in a certain location in the future (Yücemen 2008). These analyses 
provide the peak ground acceleration value or spectral acceleration value for a period. 
Homogeneous Poisson Process Model and Relative Likelihood (Recurrence) Model are 
commonly used for modeling seismic hazards.

1.2.1 � Homogeneous Poisson process model

The Poisson Process developed by Cornell (1968) is the simplest model. The earth-
quakes should meet the conditions of independence, regularity and stability to meet the 
criteria of this model. In the Poisson Process Method, the occurrence of earthquakes 
due to a certain seismic source can be expressed using the following equation (Kramer 
1996; Meral and Meral 2002; Yücemen 2008):

where PA(n∕m, t) is the probability of the occurrence of n earthquakes with a magnitude of 
M  ≥ m in the time frame of t. −�A(m) denotes the average occurrence rate. The number of 
earthquakes with a magnitude of M ≥ m expected to occur in the time frame of T is calcu-
lated as follows:

(3.10)PA(n∕m, t) =
[
exp

(
−�A(m)t

)
n
]
∕n!

Fig. 1   Four steps of the probabilistic seismic hazard analysis (Kramer 1996)
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The probability of the occurrence of at least one earthquake with a magnitude of 
M ≥ m in the time frame of t is expressed as follows:

The average recurrence interval (return time) of an earthquake, RIA(m), is expressed as 
the inverse of the occurrence rate.

The probability of at least one earthquake with a magnitude greater than z within a 
period of t years can be calculated using the Simple Poisson Process Method as follows;

or

where Vz = V(A > z) denotes the annual frequency of ground motions with a magnitude 
greater than z occurring in a site. The average return period (RP) for a strong level of 
ground motion is defined as the inverse of Vz:

In practice, the results of probabilistic seismic hazard analysis are expressed using one 
or some of the parameters of PE(z) , P, and Vz.

2 � Description of the study area

Muğla, which is a very rich province in terms of its historical and touristic texture and 
has many natural beauties, has been selected as the study area (Fig. 2). The region is one 
of the leading provinces in Turkey in terms of tourism revenue. However, it is one of the 
regions with a high risk in terms of seismic activity. There are many grabens, gulfs and 
faults within the borders of the Muğla Province. Also, the province has faced many earth-
quakes in the past that caused the loss of life and property. Estimating the seismic hazard 
and its effects on such an important region, and determining the measures that can be taken 
are considered to be important for the region.

2.1 � Geological features of the region

The units and structures reflecting the basic geological features of the Western Taurus 
Mountains are outcropped in the region. It has been known for many years that Palaeo-
zoic–Mesozoic and Tertiary aged rock units of various origins outcropped as autochtho-
nous and allochthonous units in the region (Bozcu et al. 2007). The Lycian nappes among 
the allochthonous units lie between the Menderes Massif in the north and the Bey Moun-
tains autochthon in the south.

(3.11)EA

(
n

m
, t
)
= �A(m)

(3.12)P(n > 0|m, t) = 1.0 − exp
[
𝜆A(m)

]

(3.13)RIA(m) = 1∕�A(m)

(3.14)PE(A > z, t) = 1 − exp [−v(A > z)t]

(3.15)Rt = PE(z) = 1 − exp
[
−Vzt

]

(3.16)RP = 1∕Vz
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The units which are known as the Tavas nappe, Bodrum nappe and Marmaris ophiolite 
nappe outcrop as the allochthonous units belonging to the Lycian nappes. Tectonically, 
these nappes are located on the Eocene aged Elmalı formation in the region. The alloch-
thonous units in the study area are unconformably covered by Plio-Quaternary sediments 
(Şenel et al. 1991, 1996; Bozcu et al. 2007).

They form a light metamorphic unit in the Bodrum Peninsula. The basis of this unit is 
composed of the Paleozoic aged conglomerate-sandstone-shale alternation. The Mesozoic 
aged units are prominent with Triassic-Lias aged dolomitic limestones, Lias aged silty-
marly limestones and Cenomanian aged pelagic limestones together with the Upper Creta-
ceous-Paleocene aged wild flysch overlying all these sediments.

Cenozoic rock units begin with Oligocene aged sediments. After Oligocene Epoch, vio-
lent magmatism formed plutonic and volcanic rocks at various ages in the peninsula (Şenel 
et al. 1991, 1996).

Widespread calc-alkaline volcanism was active in the region, it resulted in the forma-
tion of tuff-agglomerate deposits, andesitic, trachyandesitic, latitic and dacitic lavas. After 
a significant period, this calc-alkaline volcanism, which was formed by the crustal mate-
rial, gradually turned into alkaline olivine basaltic formations made up of the mantle. Thus, 
the second volcanic phase began. As a result, the alkali-type basaltic, trachybasaltic and 
trachytic lavas were formed in the form of dykes. After the end of volcanism in the Upper 
Miocene, limestones formed in the Lower Pliocene are observed. Then, travertines, talus, 
alluviums and pumice fragments and tuffs possibly from the neighboring Kos Island by air 
are observed from the Quaternary period (Şenel et al. 1991, 1996).

Fig. 2   The map of the Muğla province
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2.2 � Tectonic structure of the region

Anatolia, which has been affected by the earthquake dynamics related to the motions of the 
African continent and the Arabian Peninsula as well as the continental motions of Europe 
and Asia, has faced major earthquakes. Although it is not a part of the North Anatolian 
Fault (NAF) system, which is the largest faulting system, the Aegean (Western Anatolia) 
Region has a widespread seismic activity, and it is one of the regions that show the greatest 
dynamism in the world.

The region, which has faced earth crust motions, namely the escape mechanism, and the 
subduction relationships have a very complex structure both kinematically and dynami-
cally. Numerous tectonic and seismo-tectonic models have been suggested to explain 
the seismological structure of Western Anatolia (Dewey and Şengör 1979; Şengör 1987; 
Seyitoğlu and Scott 1992, 1996; Koçyiğit et  al. 1999). However, there is no generally 
accepted model since the dynamic and kinematic structure related to the deformation in the 
region is extremely complicated. There are numerous studies on the seismic activity in the 
region and its seismic hazard (Barka and Reilinger 1997; Şalk et al. 2000; Kahraman et al. 
2008, 2011).

The Aegean Extension Region (AER) is the result of the collision of the Eurasian and 
Arabian plates. As a result of this collision, the compression in Eastern Anatolia has moved 
to the west by the Northern Anatolian fault; thus, the depression trenches were formed. 
Also, the AER is the most active part of the Eastern Mediterranean Region in terms of 
seismic activity, and this seismicity continues increasingly. Two neotectonic structures 
stand out in the Aegean Extension Region. The first characteristic is that the Aegean Sub-
duction Zone (ASZ), which is located in the north of the African Plate, subducts beneath 
the Anatolian Plate. The other significant tectonic characteristic of the region is the North 
Anatolian Fault Zone in the north. As shown in Fig. 3, the plate motion of the Western 
Anatolia relative to the European plate can be defined as a counter-clockwise rotation with 
a velocity of 24 mm/year (Korkmaz 2012).

The counter-clockwise motion of the Western Anatolia-Aegean Block, which is known 
to face seismic activities frequently throughout history, is thought to be associated with the 
movement of the Eurasian, Arabian and African plates. The reason for the seismic activ-
ity of the region is the motion of the Aegean Block to the south as a result of the collision 
of the Eurasian plates with the African/Arabian and Indian plates moving to the north. As 
shown in Fig.  4, this motion occurs within the boundaries of the North Anatolian Fault 
(NAF) in the north, and the East Anatolian Fault, the Cyprus Arc, and the Hellenic Arc in 
the south (Barka and Reilinger 1997; Rockwell et al. 2001).

2.3 � Active faults in Muğla Province and its vicinity

In a study conducted by the General Directorate of Mineral Research and Exploration 
(MTA), five active fault systems were identified in Muğla and its vicinity. The faults in the 
tectonic systems in the region generally lie in the E–W direction, and particularly they have 
a lateral and strike-slip fault mechanism. Figure 5 shows the map of active faults in Muğla 
Province and its vicinity.
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The following seismic structures affect Muğla Province:

•	 Büyük Menderes Fault Zone,
•	 Karaova-Milas Fault Zone,
•	 Muğla-Yatağan Fault Zone,
•	 Gökova Fault Zone,
•	 Fethiye-Burdur Fault Zone.

Büyük Menderes Fault Zone Büyük Menderes Fault Zone (graben), which lies 
between the Denizli Province and the Aegean Sea, has a length of about 200 km. The 
east end of the graben intersects Gediz graben near the Pamukkale district. The west end 
of this graben is divided into two branches near the Germencik district. While its north 
branch continues toward the Kuşadası district, the south branch turns to the southwest 
and enters the Aegean Sea. The main fault of this graben lies across its northern edge 
and inclines southwards. Numerous earthquakes have occurred on Büyük Menderes 

Fig. 3   The mechanism of the displacement of the Aegean Region and its surroundings (Barka and Reilinger 
1997)
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graben throughout history (Ambraseys and Finkel 1995). Its current seismic activity is 
intensified in the vicinity of the Denizli Province.

Muğla-Yatağan Fault Zone Muğla-Yatağan Fault Zone intersects the eastern end of 
the Gökova fault zone with an angle of 50 degrees. This fault zone is composed of two 

Fig. 4   Ground motions in Turkey and their directions (Rockwell et al. 2001)

Fig. 5   Active fault zones in the Muğla Province and its vicinity (MTA)
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parallel faults lying between 15 km to the northeast of Muğla and the Yatağan district in 
the NW–SE direction. Each of these faults has a length of about 40 km. A 32-km-long 
section of this fault zone between the villages of Ortayaraş and Gökpınar shows normal 
fault characteristics with a local strike-slip component toward the left. The fault has 
brought limestone and talus side by side in the east of Düğerek Village. Also, the fault 
intersects Pliocene sediments in the vicinity of Salihpaşalar Village (Demirtaş et  al. 
2012).

Karaova-Milas Fault Zone This fault zone is composed of parallel fault sets with an 
NW–SE direction. It can be also observed by the metamorphic rocks exhumed between 
Karaova and the Milas district. This fault zone, which has a length of about 20 km, is 
regarded as a potentially active fault since it controls the morphology.

Gökova Fault Zone This fault zone lies across the northern edge of the Gulf of Gök-
ova. It starts near the Ula Town in the east of the Gulf of Gökova in the east and con-
tinues to the southwest of İstanköy Island. The length of this fault is about 180  km. 
The Gökova Fault Zone is composed of a few normal fault sequences parallel to each 
other with an arc shape. This fault zone continues completely under the sea to the west 
of Ören. This basin is a typical example of active extensional basins, such as Gediz 
and Büyük Menderes in Western Anatolia (Ersoy 1991).

Fethiye-Burdur Fault Zone In the study of Dumont et al., Fethiye-Burdur Fault Zone 
was defined as a left-lateral strike-slip fault with a normal component. This fault zone 
is regarded as the north-east extension of the east wing of the Hellenic arc (Erdik et al. 
2006). Minor and medium-magnitude seismic activities are widespread across this 
fault zone.

2.4 � Seismicity of Muğla Province and its vicinity

There has been a significant seismic activity in Muğla and its vicinity in terms of 
seismicity of both the historical and instrumental periods. A total of 19,824 earth-
quakes have occurred within the last century in the area bounded by the coordinates 
of 35.5–38.5 degrees North and 26.0–31.0 degrees East (AFAD 2014; UDIM 2014; 
USGS 2014). The seismic activities in the region have been observed to increase in 
Muğla-Bodrum, Yatağan and the Gulf of Gökova in recent years. The most significant 
earthquakes affecting the region in recent history are the 1957 Fethiye earthquakes, 
which occurred at 7-h intervals and caused great damage and loss in the area between 
Rhodes Island and Fethiye, as well as on the Dodecanese Islands. The magnitude of 
the first earthquake, which occurred on April 24, 1957 ( Ms= 6.8), was relatively minor 
but it affected a wide area. The magnitude of the second earthquake, which occurred 
on April 25, 1957 ( Ms = 7.1), was greater, and it caused greater damage but affected 
a narrower area compared to the first one. The last major earthquake that occurred in 
the region was the Marmaris earthquake on October 5, 1999. This earthquake occurred 
due to the breaking of a secondary fault in the north of Marmaris. The faulting mecha-
nisms that create inland earthquakes reveal the general domination of strike-slip faults 
in the region. The earthquake occurrence pattern in the region is rather complicated. 
The earthquake occurrence pattern in the land is generally observed as an earthquake 
series, and these earthquake series contain intensive seismic activities. However, the 
Dodecanese Islands generally constitute the border of the Aegean-Anatolian Plate. The 
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thrust and oblique faulting, which cause thrust in both vertical and horizontal direc-
tions, can cause major earthquakes in the region.

While shallow-focus earthquakes caused by tensional stress occur in the center and 
interior of the Aegean-Anatolian plate, and earthquakes caused by compressional stress 
occur at the edges. The tensional stress expands due to the formation of normal faults 
and causes expansion within the plate. Figure 6 shows the seismicity of Muğla and its 
vicinity in the instrumental period. The details about the magnitude, focal depth, fault 
type and coordinates of these earthquakes with a magnitude greater than 5 are given in 
Table 2.

The seismic records of Muğla Province and its vicinity reveal that five major earth-
quakes occurred since 155 AD. Table  1 shows the historical earthquakes and their 
magnitudes.

Fig. 6   The seismicity of Muğla Province and its vicinity (1900–2014)

Table 1   Historical earthquakes 
in Muğla (UDİM 2014)

Year Magnitude Epicenter

1887 7 Köyceğiz/Muğla
1885 8 Fethiye/Muğla
1852 7 Fethiye/Muğla
1851 9 Fethiye/Muğla
155 10 Fethiye/Muğla
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3 � Modeling probabilistic seismic hazards of the region

In this study, the SEISRISK III software package (Bender and Perkins 1987), which ran 
the homogeneous Poisson Process Model with the conditions of spatial and temporal 
independence, was used to calculate the peak and spectral acceleration parameters of 
the bedrock in the study area. The geographical coordinates of the seismic zones and the 
study area were entered using the software. The earthquake occurrence parameters of 
each zone (the annual occurrence relations depending on the magnitude) were expressed 
using Gutenberg and Richter (1944) relationship. Appropriate attenuation relationships 
were used to determine the seismic hazard that the zones might create in the study area. 
Then, the total magnitude of the ground motion could be determined with the desired 
probability of exceedance using the probabilistic assessment. The ground motion could 
be defined by the peak acceleration and spectral acceleration.

3.1 � Generating seismic source zones

This study aimed to obtain the seismicity of the region objectively using national and inter-
national earthquake catalogs. The earthquake catalogs of the National Earthquake Moni-
toring Center (UDİM), Disaster and Emergency Management Presidency (AFAD) and 
the US Geological Survey Center (USGS) were used to collect the number of earthquakes 
with a magnitude of 5 or above that occurred in Muğla and its vicinity between 1900 and 
2014 (Fig. 6). Also, the active fault map prepared by MTA and the seismic activity data 
of Muğla and its vicinity for the 1900–2014 period were analyzed together, and the region 
was divided into 7 sub-zones. The following procedure was followed to determine seismic 
source zones:

•	 An active fault system was determined for the source zone.
•	 It was assumed that earthquakes with a magnitude of 6 or above occurred within the 

source zone while determining the boundaries of the source zone. Then, the bounda-
ries were determined taking into account the spatial and temporal distribution of earth-
quakes.

•	 The mainshock earthquakes were separated from foreshocks and aftershocks while 
determining the boundaries of the source zone; thus, it facilitated determining the seis-
mic zones (Table 2).

•	 The boundary between source zones with different earthquake potentials was deter-
mined close to the active zone.

•	 It was tried to determine source zones as homogeneous sites as much as possible (Erdik 
et al. 2006).

Also, the seismic zones suggested in the literature (Erdik et  al. 1999, 2006) were 
evaluated, and the seismic source zones were generated as shown in Fig. 7 without 
considering the background seismicity for the calculation of the seismic hazard of 
the study area.
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3.2 � Calculation of the recurrence relationships of seismic source zones

Firstly, the study area between the 36.5–37.8 degrees North latitudes and 26.8–29.5 degrees 
East longitudes was determined to cover Muğla and its vicinity. Then, the earthquakes with 
a magnitude of Mw ≥ 5.0 that occurred in the study area were separated from foreshocks 
and aftershocks according to the time-distance window shown in Table 3. Recurrence rela-
tionships were calculated using the least-squares method for each of the seven source zones 
according to Gutenberg-Richter law. These zones are shown in Figs. 8, 9, 10, 11, 12, 13 
and 14, respectively. The Gutenberg-Richter parameters (a and b), fault systems and their 
characteristics are shown for each source zone in Table 4.

Fig. 7   Earthquake source zones of Muğla Province and its vicinity (Yılmazoğlu , 2015)

Table 3   Time-distance relations 
(Deniz and Yücemen 2005)

Magnitude Distance (km) Time (day)

4.5 35.5 42
5.0 44.5 83
5.5 52.5 155
6.0 63.0 290
6.5 79.4 510
7.0 100.0 790
7.5 125.9 1326
8.0 151.4 2471



1331Natural Hazards (2021) 107:1311–1340	

1 3

Fig. 8   Source Zone 1 recurrence relationship

Fig. 9   Source Zone 2 recurrence relationship
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Fig. 10   Source Zone 3 recurrence relationship

Fig. 11   Source Zone 4 recurrence relationship
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Fig. 12   Source Zone 5 recurrence relationship

Fig. 13   Source Zone 6 recurrence relationship
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3.3 � Ground motion prediction models (attenuation relationship) used 
in the analysis

Several models that were particularly developed for Turkey also cover the study area, 
and they use major ground motion records (Özbey et al. 2003; Kalkan and Gülkan 2004; 
Çeken et al. 2008). The models developed based on local data are better than the global 
ones since they reflect the regional differences. Since they are developed using a limited 
database and have great uncertainties, they provide a lower seismic hazard compared to 
global models. In the present study, global models were used together with local mod-
els. The global ground motion prediction models developed by Boore and Atkinson 

Fig. 14   Source Zone 7 recurrence relationship

Table 4   Fault characteristics and the Gutenberg–Richter parameters of seismic source zones in Muğla and 
its vicinity

Name of the 
source zone

Related active fault Mechanism a b Mmin–Mmax

Zone 1 Menderes fault Normal 3.86 1.01 5.0–6.5
Zone 2 Menderes fault Normal 4.4 1.1 5.0–6.0
Zone 3 Karaova-Simav fault Normal 4.74 1.13 5.0–6.0

Muğla-Yatağan fault Lateral strike + normal
Zone 4 Gökova fault Normal 5.06 1.04 5.0–7.2
Zone 5 Hellenic Arc Normal component left lateral strike slip 2.62 0.66 5.0–6.8
Zone 6 Fethiye-Burdur fault Normal component left lateral strike-slip 5.21 1.16 5.0–6.0
Zone 7 Kale and Kekova faults Normal faults in the northwest direction 3.56 0.88 5.0–6.6
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(2008), Campbell and Bozorgnia (1997, 2008) and Sadigh et al. (1997) were used, and 
their average was taken into consideration in the calculations. Although these models 
were developed for earthquakes in the California region, the USGS confirmed that they 
could be used also for Europe. The ground characteristics were considered in accord-
ance with the NEHRP (1997) B/C guidelines in the calculation of the ground attenua-
tion relationships.

4 � Probabilistic earthquake hazard analysis for the region

Several software packages such as Shake91 (Idriss and Sun 1992), EZ-FRISK (1997), 
Ordonez (2009), CRISIS2007 (Ordaz et al. 2007) and SEISRISK III (Bender and Per-
kins 1987) are used to determine the seismic hazard. In the present study, the SEISRISK 
III software developed by Bender and Perkins (1987) was used to analyze the probabil-
istic seismic hazard. The geographical coordinates of the study area and seismic zones 
were determined as 35.5–38.5 North and 26.0–31.0 East, taking Muğla Province as the 
center. The earthquake occurrence parameters of each zone, i.e., the annual occurrence 
relationships depending on the magnitude, were expressed using the Gutenberg–Richter 
law. Then, appropriate attenuation relationships were used to determine the seismic haz-
ard created by the source zones in the study area. Finally, total ground motion magni-
tudes were calculated for the specified probability of exceedance by probabilistic evalu-
ation. In the study, the seismic sources were defined as areal sources in the software 

Fig. 15   The PGA map generated based on the exceedance probability of 10% using the attenuation rela-
tionships of  Boore et al. (1997), Campbell and Bozorgnia (2008), Kalkan and Gülkan (2004) (map from 
Yılmazoğlu 2015)
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Fig. 16   The map of spectral acceleration with a period of T = 0.2 s generated based on the exceedance prob-
ability of 10% using the attenuation relationships of  Boore et al. (1997), Campbell and Bozorgnia (2008), 
Kalkan and Gülkan (2004) (map from Yılmazoğlu 2015)

Fig. 17   The map of spectral acceleration with a period of T = 1.0 s generated based on the exceedance prob-
ability of 10% using the attenuation relationships of Boore et al. (1997), Campbell and Bozorgnia (2008), 
Kalkan and Gülkan (2004) (map from Yılmazoğlu 2015)
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using their seismicity parameters. The seismic hazard analyses are conducted to pre-
dict the most hazardous earthquakes that may occur throughout the average economic 
life of the buildings. Turkish Regulation on Buildings to be Constructed in Earthquake 
Zones (DBYBHY 2007) considers the design seismic motion as the ground motion with 
a probability of exceedance of 10% for 50 years, i.e., a period of 475 years. Depending 
on the seismic hazard sensitivity of the study area, it is also possible to consider earth-
quakes with a probability of exceedance of 40% and a period of 98 years. In the present 
study, the calculations were made considering the exceedance probabilities of 10% and 
40% for a period of 50 years, the economic life of a building. Figure 15 shows the maps 
of the peak ground acceleration (PGA), Fig. 16 shows the maps of the spectral accelera-
tion with a period of T = 0.2 s, and Fig. 17 shows the maps of the spectral acceleration 
with a period of T = 1.0 s.

5 � Conclusions

The maximum peak acceleration value on the bedrock based on the exceedance probability 
of 10% for 50 years was found to range between 0.16 and 0.52 g using the model proposed 
by Campbell and Bozorgnia (2008). On the other hand, the minimum value was found to 
range between 0.11 and 0.26 g using the model proposed by Boore et al. (1997). Accord-
ing to the model developed by Kalkan and Gülkan (2004) based on the local data, the peak 
acceleration value on the bedrock was found to range between 0.16 and 0.34 g. Consider-
ing these values, it is seen that the values generated by the local model (Kalkan and Gülkan 
2004) range between the values generated by the global ground motion prediction models 
(Campbell and Bozorgnia  (2008); Boore et  al. 1997). Examining the obtained values, it 
is seen that the ground acceleration value on the surface used in the building design is 
reached on the bedrock. In this case, in the dynamic analysis of soil to be performed on 
a local basis, it can be expected that the ground acceleration value on the surface will be 
much higher than the value specified in the regulation. It is believed that the actual ground 
acceleration value that may affect the building can be calculated more realistically by using 
the values in these hazard maps, which have been generated considering all the sources that 
may affect the region. The study also reveals that the Gökova Fault Zone (Zone 4) is the 
most active source in terms of the seismic hazard in the region and that the seismic hazard 
of the southwestern part of the region is greater compared to other parts.
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