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INVESTIGATION OF CRUSTAL STRUCTURE USING LOCAL 

EARTHQUAKE TOMOGRAPHY IN AEGEAN REGION OF TURKEY 

 

ABSTRACT 

 

The principal aim of this thesis is to determine seismic crustal velocity structure 

and VP/VS ratio anomalies beneath Izmir and Aegean region (Western Anatolia). 

For this purpose, a method called local earthquake tomography was applied and 

arrival times of local scale earthquakes were re-calculated. Other important goal of 

the study was to detect and understand anomaly changes regarding large scale VP, 

VS velocities and VP/VS ratios beneath geothermal fields. 

 

In the frame of this study, Izmir was considered as the first study case. Major 

geothermal structures in Izmir include Aliaga (AGS), Balcova (BGS), Cesme (CGS), 

Menemen (MGS), Seferihisar (SGS) geothermal systems, and Urla hot spring (UHS), 

respectively. First, total of 1757 local earthquakes from 44 stations have been used 

during almost six years period between 2008 and 2014. As important geothermal 

systems of Izmir, the AGS, CGS, SGS and UHS are generally represented by low 

VP, low VP/VS. The low VP, high VP/VS model was also detected beneath MGS. 

Four main crustal layers beneath Izmir were mainly identified ranging from the 

surface down to 30 km depth. 

 

The Aegean region of Turkey is the second case study in this thesis. New 3-D 

seismic velocity structure of the Aegean region is identified by high-resolution 

depth-cross sections through Buyuk Menderes, Kucuk Menderes and Gediz grabens. 

Well located 2085 earthquakes from total of 25.000 events recorded from 2007 to 

2016 were used to reveal 3-D VP (lithological) and VP/VS (petrological) models by 

using 75 permanent seismic stations. Seismic structures down to 40 km depths were 

identified as four principal layers. As it is widely reported in the literature, low VP 

and low VP/VS model which are associated with steam, carbon dioxide or mixture of 

them, are observable in Aliaga, Menemen, Doganbey, Kosk and Denizli areas. 
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YEREL DEPREM TOMOGRAFİSİ YÖNTEMİYLE EGE BÖLGESİNİN 

KABUK YAPISININ İNCELENMESİ 

 

ÖZ 

 

Bu tezin temel amacı, İzmir ve Ege bölgesinin (Batı Anadolu) sismik kabuk hız 

yapısını ve VP/VS oranını belirlemektir. Bu amaçla, yerel deprem tomografisi olarak 

adlandırılan yöntem uygulanmış ve yerel depremlerin varış zamanları yeniden 

hesaplanmıştır. Bu çalışmanın diğer önemli amacı jeotermal alanlarda geniş ölçekte 

VP, VS hızlarını ve VP/VS oranını belirlemektir. 

 

Bu çalışma çerçevesinde İzmir ilk çalışma alanı olarak belirlenmiştir. İzmir'deki 

başlıca jeotermal yapılar sırasıyla; Aliağa (AGS), Balçova (BGS), Çeşme (CGS), 

Menemen (MGS), Seferihisar (SGS) jeotermal sistemleri ve Urla kaplıcalarıdır 

(UHS). İlk olarak, 2008-2014 yılları arasında yaklaşık altı yıl boyunca 44 istasyon 

tarafından kaydedilen toplam 1757 yerel deprem kullanılmıştır. İzmir'in önemli 

jeotermal sistemleri olan AGS, CGS, SGS ve UHS genel olarak düşük VP, düşük 

VP/VS ile temsil edilmektedir. Düşük VP, yüksek VP/VS modeli ise MGS altında 

tespit edilmiştir. İzmir’in altında yüzeyden 30 km derinliğe kadar değişen dört 

tabakalı kabuk yapısı belirlenmiştir.  

 

     Ege Bölgesi, bu tez çalışmanın ikinci bölümünü oluşturmaktadır. Büyük 

Menderes, Küçük Menderes ve Gediz grabenleri boyunca oluşturulan yüksek 

çözünürlüklü derinlik kesitleri ile Ege bölgesinin yeni 3 Boyutlu sismik hız yapısı 

ortaya konmuştur. 2007-2016 yılları arasında 75 istasyon tarafından kaydedilen 

25.000 deprem içinden seçilen en iyi kalitedeki 2085 deprem ile Ege bölgesinin 3-B 

VP (litolojik) ve VP/VS (petrolojik) karakteri ortaya konmuştur. 40 km derinliğe 

kadar devam eden sismik katmanlar dört ana tabakadan oluşmaktadır. Literatürde 

yaygın olarak bildirildiği üzere buhar, karbondioksit veya bunların karışımı ile ilişkili 

olabilecek, düşük VP ve düşük VP/VS modeli Aliağa, Menemen, Doğanbey, 

Bigadiç, Köşk ve Denizli bölgelerinde gözlenmiştir.  
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Kısım 1                                         CHAPTER ONE 

INTRODUCTION 

 

1.1 Preface 

 

There are several seismic zones with high seismic activity located in the Alp-

Himalayan belt. The tectonic characteristics of the study areas show that the Arabia, 

Africa and Eurasian plates play significant role in the movement of the Anatolian 

Block (Figure 1.1). The kinematic features of the Eastern Anatolian Fault Zone 

(EAFZ) and the North Anatolian Fault Zone (NAFZ) cause westward movement 

escaping of the Anatolian Block starting from Karliova towards west. Thin crustal 

structure in the western Turkey is observed as a result of these tectonic movements 

(Ozer & Polat, 2017a, 2017b). In the western Anatolia where complex tectonic 

systems are observed, the E-W extending normal faults and NE-SW trending strike-

slip faults are the most important tectonic features that produce earthquakes in the N-

S aligned extensional regime. Several geothermal systems are associated with these 

complex features (Dewey & Sengor, 1979; Le Pichon & Angelier, 1979, 1981; 

Barka, 1992; Ozkan et al., 2011; Magri et al., 2012; Emre et al., 2013; Pamukcu et 

al., 2014).  

 

In this thesis, seismic velocity characteristic of the crust of the Izmir and Aegean 

region were investigated in a local scale by helping 1-D and 3-D seismic velocity 

models. First, seismic data is merged from the permanent network comprising 44 

three-component instruments located in Izmir and surrounding. Second, 3-D seismic 

velocity characteristic of the Aegean region (Western Anatolia) of Turkey down to 

30 km depth is presented for the first time by performing LET study. Results are 

obtained using more than 25.000 earthquakes from 2007 to 2016 recorded by 75 

seismic stations. This effort also reports significant characteristic for geothermal 

resources and some new potential resources which are not drilled yet. 
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Figure 1.1Simplified tectonic map of Turkey and the surrounding region (Barka, 1992; Uzel et al., 

2012; Ersoy et al., 2014; Ozer & Polat, 2017b) 

 

In general, this thesis shows 3-D velocity characteristics to better interpret crustal 

seismic structure and to describe its geological meaning for Izmir area and Aegean 

region. 3-D seismic images which are obtained in the frame of this thesis, can aid to 

perform additional exploration efforts in new potential geothermal regions. 

 

1.2 Outline of Thesis 

 

This thesis consists of six chapters: These six chapters are presented as follows.   

 

 Chapter 1 is the Introduction (this section). 

 Chapter 2 explains the method of the LET technique. Theory and calculation 

steps of the 3-D seismic models were presented in detail. 

 Chapter 3 discusses “Determination of 1-D (One-Dimensional) Seismic 

Velocity Structure of Izmir and Surroundings” (Paper-1) using VELEST 

(Kissling et al., 1994) code. It also describes 1-D module of the LOTOS-

LOcal TOmography Software (Koulakov, 2009) and gives results performed 

in the Aegean region. 
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 Chapter 4 introduces “Local earthquake tomography of the Izmir geothermal 

area, Aegean region of Turkey” (Paper 2) to reveal 3-D seismic crustal 

characteristics beneath Izmir geothermal area. 

 Chapter 5 shows “Three-Dimensional Seismic Velocity Structure of the 

Aegean Region of Turkey from Local Earthquake Tomography” (Paper 3) to 

present crustal structure and geothermal features in the Aegean region 

(Western Anatolia) of Turkey. 

 Chapter 6 includes the conclusions and comments this thesis. 
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Kısım 2                                        CHAPTER TWO 

METHODS 

 

2.1 Introduction 

 

Tomography is a powerful method for imaging the interior of the earth's crust. 

Tomographic images are also effective tool to reveal the tectonic characteristic of the 

study area, especially using local earthquakes with unknown parameters. There are 

many studies at different scales from global to local ones (Dorbath & Granet, 1996; 

Baris et al., 2005; Dias et al., 2007; Yakovlev et al., 2007; Kaypak, 2008; Mandal & 

Chadha, 2008; Waite & Moran, 2009; Jaxybulatov et al., 2011; Muksin et al., 2013; 

Sippl et al., 2013; Khrepy et al., 2015; Polat et al., 2016; Ozer & Polat, 2017a, 

2017b, 2017c). Local earthquake tomography (LET) method is a useful technique to 

show lithological and petrological characteristic of subsoil (Hauksson, 2000; 

Kaypak, 2008; Kaypak & Gokkaya, 2012; Muksin et al., 2013). The LET technique 

has been developed since the eighties (Pavlis & Booker, 1983; Thurber, 1983, 1984; 

Hashida & Shimazaki, 1985; Kissling, 1988; Foulger & Tomey, 1989, Amato et al., 

1990; Eberhart-Phillips, 1990; Kissling et al., 1994; Koulakov, 2009). SIMULPS and 

derivatives (Thurber, 1983; Eberhart-Phillips, 1986; Thurber, 1993; Thurber et al., 

1995) are some popular LET algorithm. It has been applied by different authors in 

the different data set and region. Still, it is being actively developed and used by 

different authors (Haslinger et al., 1999; Husen & Kissling, 2001; Gokalp, 2007; 

Salah et al., 2014). Another famous tomographic tool was developed by Benz et al. 

(1996) and Hole et al. (2000). Depend Zhao made great contribution to improve the 

algorithm. Also, this code was applied in some papers that prove the robustness 

(Zhao et al., 2005, 2011).  

 

The LOTOS code has been used in this study for simultaneous inversion for P-, S- 

velocity structures and Vp/Vs ratio using earthquake locations. Generally, 

explanations of tests in different tomographic codes are very short, and readers may 

not fully understand the details of the forward and inverse tests. Therefore, 

researchers must believe that tests are applied truly. But, when the synthetic model is 
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known, it may be tempting to adjust the inversion parameters to obtain the ideal 

results with the model. It is clear that in this instance of real data, this is not a 

possibility. The best way to control the algorithm is to conduct the inversion using a 

synthetic data set formed by another researcher using another code. In fact, the 

testing must be applied blindly without any information about the earthquake 

location and model. It is possible to reveal all the problems of inversion code and 

display whether it should be used to acquire trustworthy outcomes that depend on a 

real data set (Koulakov, 2009).  

 

This section of this thesis is mostly benefited from Thurber, (1993); Kaypak, 

(2002); Koulakov et al., (2006); Koulakov & Sobolev, (2006); Denli, (2008); 

Hardwick, (2008); Koulakov, (2009); Cakir, (2011) and Koulakov, (2012) studies. 

The first part of the chapter describes the LET’s technique in the general perspective. 

The second part is associated with the overview and mathematical background of the 

LOTOS algorithm. Furthermore, it is defined how the LOTOS algorithm is designed 

to be applied to 3-D model of P-wave seismic velocity (Vp), S-wave seismic velocity 

(Vs) and Vp/Vs ratio structure. 

 

2.2 Local Earthquake Tomography (LET)  

 

The LET is a method for obtaining the 2-D or 3-D seismic velocity characteristics 

of a targeted area at different depth layers. Basically, the study area was modelled 

along blocks, and parameters were calibrated for each block to understand the 

changes of seismic wave’s slowness in the blocks. Data of travel times could be 

estimated for a given earthquake-station array by line integration along the model 

(Hardwick, 2008). Earthquake travel time from event (i) to seismic station (j) is 

described using the ray equation as a path integral; 

 

                                                            
        

      
                                              (2.1) 

 

where u is the slowness and ds indicate the path length. But in fact, real observed 

travel times are    : 
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                                                                                                                                               (2.2) 

 

The above equation shows the arrival times and    is the earthquake origin time. 

The residual between observed and calculated times can be shown by; 

 

                                                   
       

         
                                                     (2.3) 

 

The    
    illustrate arrival times measured at seismic stations and    

    can be 

described as calculated arrival times from equations (2.1) and (2.2) using trial 

hypocenters, initial seismic velocity structure and origin time of earthquake. The 

residuals can be associated with desired perturbations to the hypocentral and seismic 

velocity parameters by a linear approximation indicated in Equation 2.4. 

 

                             
    

   

 
                 

        

      
                         (2.4) 

 

where 
    

   
 represents the hypocentral derivatives,     symbolize hypocentral 

paremeters,     indicate the origin time of perturbations, u indicates the slowness 

(   ). 

 

Thurber (1986) proposed that hypocenter partial derivatives (        ) are 

suitably represented by components of ray vector times the seismic slowness at the 

source point.   

 

                                                     
    

   
  

 

 
  
   

  
                                                  (2.5) 

 

In order to show adoption of any finite parameterization of the seismic velocity 

structure, equation (2.4) can be written as; 

 

                                        
    

   

 
              

    

   
  

                                          (2.6) 
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where    (model parameter adjustments) displays the L parameters of the seismic 

velocity model. Basically, the LET process starts with the equation 2.6. The main 

aim of the LET technique is to increase the prediction of the seismic velocity 

structure and hypocenters by perturbing them in order to reduce the residual to the 

data when these empirical formulas and parameters to solve these equations are taken 

into account. Also one of the significant problems in the LET is trade-off between 

seismic velocity and hypocenter. To achieve the main purpose of the LET, we need 

an iterative scheme for solution, like the hypocenter-seismic velocity structure 

coupling inherent in equation 2.4 can lead to important nonlinearity. In order to 

decrease form of matrix of all partial derivatives divide into two smaller matrices. 

One of them contains the hypocenter location information and the other includes 

model parameter information. The simultaneous inversion equation can be described 

in the form; 

 

                                                                                                             (2.7) 

 

where r is the residual vector, M and    are matrix and vector of velocity parameter 

partial derivatives and perturbations; respectively, H and    are the matrix of 

hypocenter parameter partial derivatives and perturbations, respectively. An equation 

is written for the ith event. (Thurber, 1993; Kaypak, 2002; Koulakov et al., 2006; 

Koulakov & Sobolev 2006; Denli, 2008; Hardwick, 2008; Koulakov, 2009; Cakir, 

2011; Koulakov, 2012). 

 

2.2.1 Local Earthquake Tomography Using LOTOS 

 

As a user friendly tomographic algorithm, the LOTOS is created for simultaneous 

inversion for P- and S- seismic velocity structure and earthquake coordinates 

(Koulakov, 2009). It can be used with different earthquake data catalogue. The 

inversion scheme is presented in Figure 2.1.  
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Figure 2.1 Detailed structure of the LOTOS code (modified after Koulakov, 2009) 
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The computations start with two data files: arrival times of P- and S- wave rays 

and location of seismic stations. Besides, some extra information like starting values 

of 1-D seismic velocity model, grid and inversion parameters and others has to be 

described in a separate file. Earthquake initial locations and origin times supplied by 

hand-picking or/and catalogues are not strictly needed. In the absence of any 

knowledge about earthquake sources, the LOTOS starts searching for the earthquake 

hypocenter either from the centre of the network or from the seismic station with 

minimal arrival times. The code follows the below procedure: 

 

1) 1-D seismic velocity model optimization and initially earthquake location; 

2) Location of sources in the 3-D seismic velocity model; 

3) Simultaneous inversion for the earthquake parameters and seismic velocity model 

using for parameterization of grids.  

Step 2 and 3 are reiterated in turn one after another in several iterations (Koulakov, 

2009; 2012). 

 

2.2.1.1 Algorithm for 1-D Velocity Optimization 

 

It includes station coordinates and arrival times of P- and S- wave from local 

earthquakes to local station in the initial tomographic calculation stage. Furthermore, 

it needs to be designed 1-D initial seismic velocity structure and free inversion 

parameters at starting part of study (Koulakov, 2012). The LOTOS starts the 

simultaneous optimization for the 1-D seismic velocity structure and initial 

earthquake locations. From the entire data catalogue, these earthquakes that are 

distributed as uniformly with depth as possible should be selected. 

 

In the algorithm, earthquakes with maximum number of recorded phases are 

chosen for every depth range. The total number of earthquakes in different depth 

intervals must be less than predefined values. First, travel time table is calculated in 

an available 1-D seismic velocity model. The model is determined manually with the 

use of feasible a priori information in the first iteration. The travel times between 

sources at different depths to the receivers at different epicentral distance are 
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calculated from a 1-D seismic velocity model using some formulae (Nolet, 1981). 

The LOTOS permits the incidence angles of rays to be characterized to reach similar 

distance between rays at the surface. Second, earthquake locations are calculated 

using the 1-D model information. The travel times of the rays are calculated using 

travel time table values acquired in the previous step. The travel times of rays are 

adjusted according to elevations of stations. The earthquake location is redetermined 

using goal function (GF) method (Koulakov & Sobolev, 2006). The GF, which 

displays numerically the possibility of earthquake location in the 4-D space (origin 

time and earthquake coordinates) acts an important role in the LOTOS location 

algorithm. The GF can be calculated as a three condition: 
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                                   (2.9) 

 

                                              

 

    
              

 

  
           

                                     (2.10) 

 

                                                 
                     
                 

                                     (2.11) 

 

where N is the total number of records of the earthquake, A is a term which illustrate 

the values of residuals, and    and    indicate the limits for residual. If the residual 

value is higher than   , it is decided as an outlier and in not considered. If a residual 

is between    and   , it must be associated with velocity anomalies. It should be 

useful for the tomographic calculation, however in the location process its weight can 

be smaller. The    and    values are considered expected values of velocity 

anomalies. B is an expression of the distance dependence. Long ray paths contain 

higher residuals because of anomalies came from long distances. That is way in the 
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earthquake location algorithm they have smaller weight compare to short rays.      

is the size of near zone, where weights of all rays are equal. C is an expression of 

discriminating the phases. P rays residual have higher weight because they are less 

affected by velocity perturbations than S- rays. Meanwhile S- residuals can enable to 

be higher than the P- residual. The residual of times for the earthquake location 

procedure can be calculated as: 

 

                                              
       

       for P-waves                            (2.12) 

 

                                      
       

        
       

   for S-waves                  (2.13) 

 

Correction of the earthquake origin time    to is acquired from the condition: 

 

                                               
         

              
                             (2.14) 

 

where     
 

 is observed travel time,     
  is a reference travel time computed with the 

use of reference table and corrected Moho depth and topography. Additionally, each 

individual observation can ensure the following condition: 

 

                                                    |    
  -     

  -    | <                                           (2.15) 

 

The other observations are regarded as outliers and are not used in the inversion. 

Different assumption should be suggested to analyse the problem of specification of 

GF extreme. For instance, a gradient descending procedure lets quite fast 

convergence. An example of GF map is shown in Figure 2.2. 

 

The most possible event location of the earthquake at each depth is attributed to 

the point where the GF is maximum. With this procedure, but, there is a bit risk that 

a regional maximum is calculated in place of the true maximum. We use a longer but 

more reliable way for this reason. Firstly, the GF is calculated on a quite sparse grid 

of some described depth levels. From the level and from the node where the GF is a 

maximum, we move up and down searching for a depth which the GF is maximal. 



12 
 

An example of depth dependency-GF relationship was given in Figure 2.3. From the 

depth which the maximum of the GF is obtained, further earthquake location is 

conducted with the use of a finer grid. As a consequence, the most possible source 

position in defined seismic velocity model is characterized to the point where the GF 

achieves the maximum value (Koulakov & Sobolev, 2006).   

 

 

Figure 2.2 An example of goal function calculated at two different depth layers (Koulakov & Sobolev, 

2006). Dots indicate positions of nodes where the goal function was calculated in the location 

procedure, the numbers show values of goal function 

 

 

Figure 2.3 An example of the goal function versus the depth of a source (Koulakov & Sobelev, 2006) 

 

2.2.1.1.1 Practical Realization of the Algorithm for 1-D Model Optimization. The 

LOTOS is quite basic in practical realization and comparatively fast. For instance, 

conducting the optimization based on 1000 earthquakes using 5 iterations takes 

approximately 15 minutes in regular computer. We use various staring models to 

examine the stability of the 1-D optimization. Despite of use different staring model, 

the results for final model are also very similar. 
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2.2.1.1.2 Source Location with the Double-Difference Algorithm. The location of 

earthquakes is set with the use of the double-difference technique created by 

Waldhauser & Ellsworth (2000). The main opinion depended on a hypothesis that the 

residuals from two earthquakes located close to one another recorded at one station 

might have similar values. The algorithm can calculate the coordinates and origin 

time corrections to minimize all probable double differences. The linear equations 

for all possibilities of earthquake couples (for instance, with numbers k and m) split 

by a distance less than a predefined value d     
and having a widespread 

investigation (the same station and P- and S- phase) are created: 

 

                                    
                        

              
      

         
                                                                      (2.16) 

 

where          are the components of the slowness vector of the corresponding ray 

at the earthquake point. As a consequence, there is a system of linear equations with 

the number of columns equal to the number of sources multiplied by four. Every row 

contains eight non-zero elements. For 2000 sources, the number of equations is about 

1 000 000. This system can be inverted with the use of the iterative LSQR method 

(Van der Sluis & Van der Vorst, 1987). After inversion, the source parameters are 

updated and the procedure is repeated again. In total four to five iterations were 

made, generally.  

 

Searching for the goal function is conducted using a grid search method. We 

begin to grid coarsely and finish our search finely. This algorithm is very stable. For 

instance, it can be the correct earthquake source coordinates even if it is located at a 

distance of 500 km from the initial searching point.  

 

Third; we calculated the first derivative matrix along the rays calculated in the 

previous iteration. Each element of the matrix     is equal to the time deviation along 

the j-th ray reasoned by a unit velocity variation at the i-th depth level. The depth 

levels are characterized uniformly and the velocity between the levels is nearly as 

linear.  
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Next, matrix inversion is conducted simultaneously for the P- and S- wave data 

using the matrix calculated in the previous step. The matrix contains the velocity 

parameter and location parameters (dx, dy, dz, dt). The data vector includes the 

residuals calculated after the earthquake location. Regularization is conducted by 

adding a special smoothing block. Each line of this block includes two equal non-

zero elements with opposite signs that correspond to neighbouring depth levels. The 

vector of data in this block is zero. If the weight of this block is increased, the 

solution will be smoothed. Furthermore, it is possible to include Moho depth 

information if it is known from previous studies.  

 

Another important stage is prediction of some free inversion parameters. 

Optimum values of these parameters (smoothing coefficient and weight for the 

location parameters) are calculated on the basis of some synthetic tests. LSQR 

technique (Page & Saunders, 1982; Van der Sluis & Van der Vorst, 1987) is used for 

the matrix inversion. A summary of the obtained velocity changes and available 

reference model is taken into consideration as a reference model for the next 

iteration. The iteration should be repeated and it is selected one with the minimum 

RMS and use it for further processing (Koulakov, 2009; 2012).    

 

2.2.1.2 Ray Tracing in a 3-D Velocity Model 

 

One of the important characteristic of the LOTOS is a ray tracing algorithm 

depend on the Fermat technique of travel time minimization same as other 

tomographic algorithm is called bending algorithm (e.g., Um & Thurber, 1987). The 

LOTOS presents some modification of the bending algorithm. The most effective 

difference is flexibility in chosing parameterization of the velocity distribution. It is 

just obligatory to describe uniquely one positive seismic velocity values at any point 

of the study area. Koulakov (2009) delineate a model with exaggerated seismic 

velocity contrast. The checkerboard anomalies of sample have amplitudes of ±30%. 

It is clear that in this model, the ray path has a quite complex shape determined by 

the seismic velocity changes (Figure 2.4). 
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 The LOTOS search to explore the minimum travel time distance using several 

paths. It starts a straight line. In the first step (Figure 2.4a), the ends of the rays are 

immobilized (as a number 1 and 2), and point A in the centre of ray path is 

conducted perpendicular to the ray in two ways. The shift values based linearly on 

the distance from A to the ends of the segment. Second step (Figure 2.4b), their point 

is immobilized (as a number 1, 2 and 3), and deformation of the ray path is 

conducted in two segments at points A and B. Four points are fixed and their 

segment is deferred in the third step (Figure 2.4c). In step 8; there are eight segments. 

The ray established in this way tends to travel along high-velocity values and refrains 

low-velocity parts. It can be taking into considered that even though a 2D model is 

displayed in Figure 2.4d, the LOTOS is planned for the 3-D medium (Koulakov, 

2009). 

 

 

Figure 2.4 The view of the LOTOS bending algorithm. Light gray indicates the negative velocity 

values (-30%), the dark ones represent positive anomalies of +30% (Koulakov, 2009) 
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2.2.1.3 Iterative Tomographic Inversion 

 

2.2.1.3.1 Source Locations in a 3D Velocity Model. The starting 1-D seismic 

velocity model and initial earthquake locations are calculated in the 1-D seismic 

velocity structure optimization process. The earthquakes are then relocated by a code 

that depends on 3-D ray tracing using the bending technique. In doing 1-D 

modification, the earthquake location algorithm depends on exploring a maximum of 

GF. The GF description is the same procedure in the 1-D media. But, the grid search 

method (GSM), which is very useful for the 1-D models, appears time consuming 

when 3-D ray tracing is conducted. For this reason, is used a gradient method 

(Koulakov et al., 2006) to locate earthquakes in 3-D models, which is not robust as 

the GSM, but much faster (Koulakov, 2009).  

 

2.2.1.3.2 Parameterization. In order to parameterize the velocity gradients, there 

are two alternative types as a node or a grid in LOTOS algorithm. The nodes depend 

on vertical lines deployed thoroughly in a map view (e.g., with steps of 5 × 5 km). 

The nodes are established according to distribution of ray in every vertical line. If 

there are no rays in the medium, there aren’t any nodes in the part of the model. The 

node space can be smaller when there are higher ray densities. But, in order to refrain 

extravagant density of nodes, a minimum spacing should be determined (e.g., 5 km) 

(Koulakov, 2009).  

 

Another important issue nagging topic in the LET problems is the 

parameterization of the model, because it influences the solution and solution quality 

of the outcomes. When the distance decreases between the node points, the 

resolution quality will increase significantly. However, the region of resolution is 

decreased dramatically because of the insufficient ray paths. Another case, when the 

node distance increases, the resolved area is increased, while the resolution quality 

decreases. This is a trade-off problem.  Figure 2.5 shown that, there are several rays 

in model A and the model can be roughly solved in A part. However, the sensitivity 

is lower because of large distance between the nodes. But in case of B; the dark box 

solution quality is lower, while the white box solution quality is greater because of 
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ray coverage. But, the sensitivity is greater because of small distance between the 

nodes. In this situation, the earth's crust can be modelled more sensitively and 

accurately using model B. Similarly; it is clearly seen that right-bottom dark box 

indicates the lower resolution due to the insufficient ray path. Furthermore, the dense 

ray path is clustered in the white box which has defined high resolution quality 

(Figure 2.6). So adjusting the node dimension is one of the most important steps 

(Koulakov, 2009). 

 

 

Figure 2.5 Schematic representation of the solution quality according to the ray intensity for different 

grid spacing. The resolution quality is shown by different colour range from dark (low quality) to light 

(high quality) colour (Kaypak, 2002) 

 

 

Figure 2.6 Schematic ray paths in the vertical map view. Blue triangles indicate the seismic stations. 

Red stars are earthquake locations. Areas with poor resolution areas are shown in dark colour and 

light colour displays the high resolution regions 
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Alternatively, rectangular cells can be used to parameterize the study area. The 

rectangular cells are designed in Cartesian coordinates by subdividing the study 

volume into parallelepipeds of variable size in accordance with the ray density. If the 

ray density is lower, cell size should be larger. Practical realization of grid structure 

depends on the iterative subdivision of parallelepipeds in two twin parts across the x, 

y and z directions, in succession. The operation begins from the all study areas and 

finishes when the size of cells becomes smaller than a predefined value. In every 

iteration process, the subdivision of cells into two parts is conducted only if the sum 

of the ray length inside an available block is higher than predefined value (Koulakov, 

2009).  

 

Additionally, the inversion is conducted on several grids with 0°, 22°, 45° and 67° 

orientations to decrease the impact of node or cell distributions on the outcomes. 

After calculating the outcomes for grids with some orientations, they are stacked into 

one summary model, decreasing any artefacts associated with the grid orientation 

(Koulakov, 2009).  

 

The total nodes/cells number can be larger than ray number. This situation doesn't 

affect the inversion, because in this study, the unknown parameters related to the 

parameterization nodes/cells are not free, but are associated along a smoothing block 

that will be determined later in the inversion step. If the parameterization size is 

smaller than the sizes of anticipated anomalies, the inversion outcomes are nearly 

free distribution of cells/nodes. It is especially noted that cell parameterization 

generally provides a lower resolution than node parameterization. For this reason, 

node parameterization seems to be better for inversion of the tomographic process 

with respect to stability and resolution (Koulakov, 2009). 

 

2.2.1.3.3 Matrix Calculation and Inversion for the Case of Vp-Vs Scheme. The 

matrix of first derivatives is computed using the ray paths calculated after the 

earthquake locations in the 3-D model. Each element of the matrix,              

is equal to the time deviation thorough the i-th ray because of a unit-velocity changes 

in the j-th node/block. Iterative LSQR algorithm (Paige & Saunders, 1982; Van der 
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Sluis & Van der Vorst, 1987) is used for inversion of the entire sparse A matrix. The 

matrix contains the source (dx, dy, dz and dt), station correction, P- and S- velocity 

parameters. Two additional blocks can affect amplitude and smoothness. The first 

block is a diagonal matrix with only one element in each line and zero in data vector. 

High weight of this block decreases the amplitude of the derived velocity values. 

Another block manages the solution smoothing. In the parameterization grid, every 

line of the block includes two equal nonzero components of opposite sign that 

responsible for all combinations of neighbouring cells/nodes. The vector of data is 

equal to zero in this block. If the weight of this block is increased, the difference 

among solutions in neighbouring nodes decrease, resulting in smoothing of 

calculated-velocity fields (Koulakov, 2009).  

 

2.2.1.3.4 Iterative Cycling. Matrix calculation and inversion are conducted for 

several grids using different basic orientations in the grid construction steps. The 

velocity anomaly outcomes derived for all grids are calculated on a regular grid. This 

model is joined to the real velocity values used previous calculation parts. New 

iterations ingeminate the steps of earthquake locations, inversion and matrix 

calculation (Koulakov, 2009). 

 

2.2.1.4 Synthetic Modelling 

 

The major aim of any tomographic study is not to illustrate maps and stations of 

seismic model but to persuasively discuss that these models symbolize real 

characteristics in the Earth. Traditionally, tomographic results should be verified 

with various tests and the synthetic reconstructions generally get special role. The 

fundamental theory of synthetic modelling must be maximum relevancy to real data. 

Also, synthetic modelling follows the same procedure like real data processing. 

Determination of free inversion parameters can be determined by conducting 

synthetic modelling that creates the real situation. This way lets good predictions of 

amplitudes of seismic velocities in the real earth. The LOTOS algorithm ensures a lot 

of probabilities for conducting some synthetic tests. It can be possible that the 

algorithm present four types of synthetic tests to understand model power, data 
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quality and station coverage. These tests can conduct using horizontal/vertical 

checkerboard and horizontal/vertical arbitrary anomalies between the sources and 

receivers. Standard deviation of noise can be applied for P- and S- wave data. In 

addition, the LOTOS lets adding the outliers to understand the robustness of the 

solution. Also, it is possible to use basic shape of the noise distribution histogram 

ranging from -10 to 10 s defined by 1000 nodes. This type of histogram corresponds 

to the distribution of real earthquake residuals in the International Seismological 

Centre (ISC) catalogue. The noise is created considering remnant residuals after real 

data inversion for same earthquake location-receiver pairs. It is clear that the 

residuals after conducting tomographic inversion using real data must be associated 

with data (phase pick errors) and algorithm resolution capacity. After calculating the 

seismic travel times, velocity model is forgotten and source information and conduct 

reconstruction using just station coordinates and arrival times. The initial locations of 

earthquakes are assumed to be unknown and are adjusted only in the central point of 

the study area in the synthetic dataset. Koulakov (2009) asserted that cell 

parameterization usually ensures a lower resolution than node parameterization 

according to the several synthetic tests. It is recommended that node 

parameterization looks like to be better for tomographic calculation in terms of 

stability and resolution. Another important issue, the vertical resolution in LET 

schemes is generally worse (Koulakov, 2009). The checkerboard tests designed 

according to the regions are presented in Chapter 4 and 5. 
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Kısım 3                                       CHAPTER THREE 

DETERMINATION OF 1-D (ONE-DIMENSIONAL) SEISMIC VELOCITY 

STRUCTURE 

 

3.1 Preface 

 

The scope of this thesis, 1-D seismic velocity models were estimated using two 

different codes. The 1-D seismic velocity structure of Izmir and near surroundings 

was determined on a local scale by using VELEST (Kissling et al., 1994) code. Also; 

LOTOS (Koulakov, 2009) code was used to calculate 1-D velocity structure in the 

Aegean region.   

 

This chapter has two main themes as follows: 

 Determination of 1-D seismic velocity structure using VELEST 

 Determination of 1-D seismic velocity structure using LOTOS 

 

3.1.1 Determination of 1-D Seismic Velocity Structure Using VELEST 

 

VELEST algorithm (Kissling et al., 1994) is one of the most popular codes to 

obtain 1-D seismic velocity structure. Computations are conducted depend on trial-

and-error method, and consist in locating earthquakes in various 1-D seismic velocity 

structures (Koulakov, 2009).  

 

The one-dimensional seismic velocity structure serves as the initial reference 

model for the three-dimensional inversion. Inappropriate one dimensional seismic 

velocity structure can not only decrease the quality of the 3-D tomogram but also 

impact the confidence calculations. For this reason, tomographic calculation should 

be solved with two-step procedure to get 3-D tomographic outcomes with minimal 

dependence on the reference model. The travel time data are converted together to 

obtain a 1-D tomographic solution, together with revised hypocenter locations and 

correction of stations. This new velocity model is the minimum 1-D model. After 

that, 3-D velocity structure procedure starts to obtain better resolution tomographic 
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horizontal/vertical sections (Kissling et al., 1994). In this study, calculation of 

minimum 1-D seismic velocity structure is conducted by VELEST code for Izmir 

and surroundings. 

  

The VELEST algorithm (Kissling et al., 1994) requires travel times of the 

earthquake-station, initial 1-D velocity structure, station location information and 

delay times. Also VELEST succeeds nonlinear inversion by iterating over linear 

inversion steps, starting by solving the forward problem for an initial set of 

earthquake locations and trial 1-D layered seismic velocity model. This is succeeded 

by ray tracing from earthquake source to the seismic stations for each event, 

calculating direct, refracted and optionally reflecting rays passing along the 1-D 

velocity model and computing the travel time residuals. These parameters are 

computed, and the inverse problem is solved by Cholesky decomposition equations. 

Hypocenter parameters, station delays and 1-D seismic velocity model are updated 

and forward problem solved by ray tracing. The RMS values for all earthquakes and 

the data variance of the updated solution are checked to primary solution. When the 

updated solution quality increases satisfactorily, the inversion procedure is 

completed. Several iterations are conducted until the RMS value and data variance 

has reached the desired values (Hardwick, 2008).  

 

The general procedure starts with searching for all priori geophysical studies to 

obtain a minimum 1-D seismic velocity structure. The 1-D velocity model must be 

indicated as a multilayer structure, and the velocity should be increased with depth. 

Station delays can be computed associated with the seismic velocity of top layer and 

reference station. The reference station must be preferably installed towards the 

network centre. Then, several parameters and 1-D starting seismic velocity models 

are tested using well-located earthquakes. This procedure is repeatedly applied to 

updated velocity structures. The 1-D seismic velocity layers must be decreased 

where the updated model displays similar velocity layers. There are some clues to 

show minimum 1-D seismic velocity layer success. In order to test the robustness of 

model, events can be shift systematically and randomly. It is expected that 
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earthquake locations should be returned the older locations if the inversion process 

successful (Hardwick, 2008). 

 

3.1.2 Determination of 1-D Seismic Velocity Structure Using LOTOS 

 

The LOTOS algorithm is able to calculate 1-D seismic velocity models that can 

be considered as a starting model for 3-D velocity inversion. As it is described in 

Koulakov et al. (2007), velocity characterization depends on data from real 

earthquakes with unknown parameters. This inconsistency is usually owing to a 

trade-off between velocity distribution, earthquake origin time, and earthquake 

depths. Simultaneously, the incorrect starting velocity structure is able to cause 

deviation in the results (Koulakov, 2009).  

 

3.2 Determination of 1-D (One-Dimensional) Seismic Velocity Structure of 

Izmir and Surroundings 

 

This part of thesis was published in DEU Journal of Science and Engineering 

(Ozer & Polat, 2017a). 

 

3.2.1 Outline 

 

Principal aim and motivation of this study is to investigate, for the first time, one-

dimensional (1-D) crustal velocity structure of Izmir and surroundings. For this 

purpose, 1723 earthquakes recorded by 44 stations between 2008 and 2014 have 

been analysed using travel times of local earthquakes. We selected 483 earthquakes 

having at least 10 P-, 5 S- phase readings and GAP≤200. In total, 3913 P- and 3063 

S-phases are derived from those criteria. The crust-mantle transition could not be 

well determined due to the shallow earthquake depth distribution. We have identified 

six different seismic velocity layers ranging from 4.1 km/s to 7.6 km/s. First layer 

having 2.5 km thickness and 4.1-4.3 km/s velocity is associated with Holocene 

sediments. On the other hand, a clear velocity transition zone located at 9-12 km 

depths having with 4.7-6.2 km/s, is interpreted as seismogenic zone indicating an 
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upper-lower crust discontinuity. Vp velocities between 6.2 and 7.7 km/s at 12-22 km 

depth layers can be associated with gabbro and oceanic rocks. 

 

3.2.2 Introduction 

 

Izmir is the capital of the Aegean region (Western Anatolia) and the third largest 

city of Turkey with its ~4 million inhabitants. Therefore, it is important to reveal the 

1-D seismic velocity structure in order to accurately and precisely calculate 

earthquake locations in the area. This study presents a new 1-D seismic velocity 

model which is used to re-calculate precise location of the earthquakes that occurred 

in Izmir and surroundings. Results will exhibit robust outcomes for 3-D tomographic 

studies and seismic risk analysis. 

 

There are many geophysical studies conducted in Western Anatolia to present 

crustal structural features by using different methods. Akcig (1988) has suggested an 

average of crustal thickness of 30 km in the Aegean Sea and 35-40 km in Western 

Anatolia after analysing gravity data. Later on, Hisar & Orbay (2000) emphasize an 

increase in crustal thickness from S to N in the same area using Bouger anomaly. 

Average crustal thickness is concluded as 33 km by Aydin et al. (2005). They report 

a decrease from E to W from regional gravity map, and interpret that the crust is 

responsible for the occurrence of 98% of the earthquakes. Same year, Yuksel (2005) 

concludes an increase in crustal thickness from W (with 32 km) to E (with 40 km) 

direction in the Aegean Sea and central Anatolia, respectively. In the last decade, 

Gonenc et al. (2009) have computed average crustal density around 2.7 g.cm
-3

 near 

the same study area. 

 

Added to gravity studies, Aydin & Altinoglu (2005) have calculated average 

crustal thickness and reported as 35 km near Denizli area using self potential and 

seismicity data. 

 

As a popular tomographic method, receiver function technique is also preferred by 

many researchers. Tezel et al. (2007) observed an increase in crustal thickness from 
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W (25 km) to E (40 km) direction as similarly reported by Aydin et al. (2005) in the 

Aegean Sea area. Three years later, Tezel et al. (2010) performs same method in 

Western Anatolia and report a change in Moho depths between 20 and 30 km. 

Crustal depth was calculated as 25 km beneath Menderes Massif by Karabulut et al. 

(2013). Recently, Kind et al. (2015) identify an increase in crustal depth from the 

Aegean (~25 km) to Eastern Anatolian (~ 40 km) regions, similar findings by Tezel 

et al. (2007) using teleseismic S-receiver function technique are also reported. 

 

Kalafat et al. (1987) have proposed a three-layer model ranging from 4.5 km/s to 

8.3 km/s for P-velocities from teleseismic tomography method. Almost two decades 

later, Zhu et al. (2006) has stated a thickness of the earth crust as 26-28 km beneath 

Menderes Massif. More recently, Salaun et al. (2012) revealed the presence of a low 

velocity zone between 80 and 200 km in the upper mantle by using same technique. 

 

By using local seismic data, Akyol et al. (2006) have investigated crustal structure 

of the Buyuk Menderes, Kucuk Menderes and Gediz grabens, and reported 

concentration of earthquakes at upper part of the crust. Kaypak & Gokkaya (2012) 

have conducted a study near Denizli region and presented a 1-D seismic velocity 

structure. They also constructed 3-D tomographic sections down to 24 km which 

differ from findings of Aydin & Altinoglu (2005) at the same area. In recent years, 

Fichtner et al. (2013) found that the depths of Moho were calculated as 27 km and 21 

km in Aydin and Fethiye regions; respectively. Delph et al. (2015) reported that the 

crust and upper mantle discontinuity continues down to 50 km in some places in 

Western Turkey. They also compute upper mantle S-wave velocity as low value 

(~4.2 km.s
-1

) comparing with global average (~ 4.46 km.s
-1

). In addition, they reveal 

low crustal S-wave velocity (~3.4 kms
-1

) considering global mean value of the 

continental crust. All above studies generally reveal an increase in crustal thickness 

from W to E in western Anatolia. 

 

There are also several seismotectonic researches in the study area (Polat et al., 

2008; Uzel & Sozbilir, 2008; Irmak, 2013; Tan, 2013; Gok & Polat, 2014; Tan et. al., 

2014; Cevikbilen et al., 2014). Polat et al. (2008) have calculated fractal behaviour, 
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seismic inactivity (z) and b-parameters using compiled earthquake catalogue for 

Western Turkey. They report Candarli Gulf, Bergama-Zeytindag Fault Zone, Izmir 

Fault and Orhanli Fault Zone as potential areas for future/target earthquakes. Irmak 

(2013) has calculated an extension rate as 0.41 mm/year from focal mechanism 

analysis using small to medium-size earthquakes in Denizli area. Another region in 

Karaburun Peninsula was analysed by Tan (2013) using seismic activity located 

between Sigacik and Gerence area near Izmir. Gok & Polat (2014) pointed out the L-

shaped earthquake activity according to the results of micro-earthquake activity and 

focal mechanism solutions recorded by local seismic network, IzmirNET. The N-S 

extensional regime was observed by Tan et al. (2014) from the fault plane solution 

and moment tensor inversions around Samos Island and Kusadasi. Cevikbilen et al. 

(2014) reported NE-SW aligned dextral faults from focal mechanism solutions after 

compiling geological and tectonic features around Sigacik, Kusadasi and Simav 

regions. 

 

Except few, above studies generally present regional findings about seismic 

crustal features for the western Anatolia, and there is no special focus to identify high 

resolution 1-D seismic velocity structure for Izmir and surroundings. This study 

contributes an improvement for the 1-D crustal velocity structure of this area. 

 

3.2.3 Geology and Tectonic 

 

The study area is limited between 26.0° and 28.2°E longitudes and 37.8° and 

39.2°N latitudes which refer Izmir and its surroundings. They are very rich in terms 

of geothermal potential. According to information obtained from geological features, 

there are three major units in the study area. One of them is Menderes massif and it is 

located at the east of the study area. It consists of thick mica schist and a marble 

sequence. Towards western part, there is another important geological feature 

dominating by Flysch character. And finally, the Bornova melange is based in Izmir 

and reveals upper Cretaceous units (Erdogan, 1990; Okay, 2008; Okay et al., 2012; 

Ersoy et al., 2014; Erkan, 2015). 
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There are different views on the formation, age and evolution of Western 

Anatolian tectonics managed by E-W trending grabens and active faults (Emre et al., 

2006; Cemen et al., 2014). The 'escape model' which describes the formation of the 

grabens with the orientation of the Anatolian plate between the North Anatolian and 

East Anatolian Fault Zone (Dewey & Sengor, 1979; Sengor, 1981; Gorur et al., 

1995; Bozkurt, 2001), the 'back arc model' (McKenzie, 1978; Le Pichon & Angelier, 

1979, 1981; Jackson & Mckenzie, 1988; Okay & Satir, 2000; Bozkurt, 2001), which 

explains the formation of the grabens with the migration of the Aegean to the south 

and it defines the pulling force in the direction of N-S, the 'Orogenic collapse' model 

supports the extension of the N-S in the Neogene period. It is thought that the 

continental crust thickness is decreased as 50% in the Western Anatolia due to the 

effect of this stress regime (Yilmaz, 1989; Yilmaz, 1990; Seyitoglu & Scott, 1992; 

Seyitoglu & Rundle, 1992; Yilmaz, 1997; Bozkurt, 2001; Emre et al., 2006; Cemen 

et al., 2014). 

 

Izmir is located in the first degree seismic zone according to the Turkish 

earthquake hazard map. The region has N-S extensional regime in accordance with 

the E-W aligned pure or dominant normal faults. This region exhibits several 

complex tectonic fault zones which are controlled by different tectonic systems 

(Figure 3.1). The North of study area reveal some fault zones. The Zeytindag-

Bergama Fault Zone-ZBFZ has NE-SW alignment in Candarli Gulf (CG). The 

Karsiyaka Fault Zone (KFZ) is located at the southern part of Yamanlar Mountain 

(YM) with almost 40 km length. The Menemen Fault Zone (MFZ) is traceable along 

NW-SE direction at the western part of YM with ~15 km length. 

 

Central part of the study area is dominated by Izmir Fault-IFZ which is located on 

E-W direction with ~40 km length at the S of Izmir Gulf. The Uzunada Fault Zone 

(UFZ) can be traceable at the east of Uzunada (UA) Island along NW-SE direction. 

Towards south, the Orhanli-Tuzla Fault Zone-OFZ dominates the study area by 

showing NE-SW direction starting from the Doganbey Horn (DH) with a length of 

50-60 km. The Seferihisar Fault Zone-SFZ starts from the Sigacik Gulf (SG) and 

extends towards NE for about 30 km. The Gulbahce Fault Zone-GFZ has activated 
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on 17-21 October 2005 by producing double M5.9 main shocks in five days. It starts 

from the Sigacik Bay and prolongs to Gulf of Gulbahce (GG) at the west of 

Karaburun Peninsula (KP). 

 

Study area is also dominated by large scale graben systems such as the Gediz 

Graben (GG) and Buyuk Menderes Graben (BMG) systems which are considered 

with low-angle detachment faults. In addition, Kucuk Menderes Graben (KMG) 

plays important role in explaining Western Anatolian tectonic regime (Emre et al., 

2013; Seyitoglu & Isik, 2015). 

 

 

Figure 3.1 Geological map and principal tectonic features around Izmir area. Abbreviations; CB: 

Candarli Bay, DH: Doganbey horn, GB: Gulbahce Bay, GFZ: Gulbahce fault zone, IFZ: Izmir fault 

zone, KFZ: Karsiyaka fault zone, KP: Karaburun peninsula, MFZ: Menemen fault zone, OFZ: 

Orhanli-Tuzla fault zone, SB: Sigacik Bay, SFZ: Seferihisar fault zone, UA: Uzunada Island, UFZ: 

Uzunada fault zone, YM: Yamanlar Mountain, ZBFZ: Zeytindag-Bergama fault zone. (modified after 

Emre & Ozalp, 2011; Uzel et al., 2012; Coskun et al., 2016) 
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3.2.4 Method and Data 

 

 The arrival time of the seismic wave created as a result of an earthquake is a 

nonlinear function of its station location, hypocenter parameters (latitudes, 

longitudes, depth, and origin time) and velocity structure. In this inversion problem 

with many unknowns, only the station coordinates and the arrival times are known. 

For the unknown values, some predictions are required. Using an initial velocity 

model, the rays are observed between the earthquake locations and the receivers. 

Variations between observed and theoretical arrival times are the function of 

differences among residual travel time, observed hypocenter, theoretical hypocenter 

and velocity values. In order to define the corrections of the hypocenter and model 

parameters, relation observed travel times with other parameters are needed to be 

known. These relations except for earthquake origin are not linear. So, equations 

might be calculated by Taylor series and a linear relation can be created by applying 

corrections for travel times and hypocenter-velocity parameters (Civgin, 2010).  

 

 VELEST (Kissling et al., 1994) algorithm is used to acquire the 1-D seismic 

velocity structure for Izmir and surroundings. It has been designed for the velocity 

structure and earthquake locations. It also uses station information (latitudes, 

longitudes, and elevation), arrival times and initial velocity model (Kaypak, 2002). 

 

 In the frame of this study, a total of 1723 earthquakes were analysed. Data was 

compiled from the IzmirNET, the Disaster and Emergency Management Authority 

(AFAD), and the International Seismological Centre (ISC) between 01.08.2008 and 

31.12.2014. Maximum and minimum performance were detected for Balcova-BLC 

and Karaburun-KRB stations, respectively. As a part of IzmirNet (Polat et al., 2009), 

the Balcova-BLC station was chosen as central station to be used in weighting factor 

calculation since it has max recording rate (Table 3.1). It is observed that magnitudes 

were less than 6. And, they generally show swarms in the Izmir Outer Bay, Sigacik 

Bay, east and west of the IFZ (Figure 3.2). 
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Table 3.1 Station codes, locations and weighting factors for inversions of the stations used in the study 

Number Station Latitude Longitude Elevation 
Weighting 

Factor 

1 BLC 38.4090 27.0430 3 44 

2 PNR 38.4213 27.2563 76 34 

3 BUC 38.4018 27.1522 79 36 

4 BYN 38.4583 27.1670 2 27 

5 BYR 38.4762 27.1582 197 42 

6 BOS 38.4648 27.0940 4 32 

7 GZL 38.3705 26.8907 17 43 

8 KYN 38.3757 27.1935 136 35 

9 KON 38.4312 27.1435 7 28 

10 KSK 38.4525 27.1112 10 33 

11 MNV 38.4780 27.2112 184 41 

12 MVS 38.4678 27.0772 1 29 

13 CMD 38.4357 27.1987 68 31 

14 URL 38.3282 26.7707 76 38 

15 YMN 38.4497 27.1072 64 39 

16 YSL 38.3723 27.1083 106 40 

17 GZLY 38.3943 27.0822 27 37 

18 DKL 39.0710 26.8883 3 22 

19 BRN 38.4530 27.2243 35 30 

20 CHOS 38.3710 26.1360 854 1 

21 KRB 38.6300 26.5332 30 2 

22 MENM 38.5782 26.9795 6 3 

23 KINK 39.0882 27.3747 71 13 
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Table 3.1 continues 

24 ODEM 38.2157 27.9645 112 10 

25 BYNR 38.2202 27.6485 104 15 

26 TRBL 38.1590 27.3595 39 16 

27 MEND 38.2572 27.1302 127 20 

28 FOCA 38.6623 26.7585 328 17 

29 ALAG 38.7963 26.9632 17 14 

30 BERG 39.1095 27.1707 52 12 

31 SEFR 38.1968 26.8383 34 19 

32 ZEY 38.2388 26.5033 76 21 

33 URLA 38.3602 26.5957 495 26 

34 DGB 38.0520 26.8825 22 25 

35 BAG 38.6553 26.8518 89 18 

36 YAK 38.5150 27.3235 484 23 

37 DUV 38.2200 27.4490 246 24 

38 BLCB 38.3853 27.0420 150 8 

39 CAND 38.9543 27.0420 158 5 

40 CESE 38.3306 26.2993 95 7 

41 DIKL 39.0713 26.9054 45 9 

42 FOCM 38.7130 26.7308 34 11 

43 GMLD 38.0766 26.7308 10 4 

44 KRBN 38.5935 26.5537 135 6 
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Figure 3.2 Distribution of the seismic stations used in this study and main tectonic features. 

Abbreviations: BMG: Buyuk Menderes Graben, CB: Candarli Bay, DH: Doganbey horn, GB: 

Gulbahce Bay, GG: Gediz Graben, GFZ: Gulbahce fault zone, KFZ: Karsiyaka fault zone, IFZ: Izmir 

fault zone, IG: Izmir Gulf, MFZ: Menemen fault zone, MI: Midilli Island, OFZ: Orhanli fault zone, 

SB: Sigacik Bay, SFZ: Seferihisar fault zone, SI: Chios Island, SiI: Sisam Island, ZBFZ: Zeytindag-

Bergama fault zone. Station Description: AFAD: Disaster and Emergency Management Presidency, 

ISC: International Seismology Centre, KOERI: Bogazici University Kandilli Observatory and 

Earthquake Research Institute, NOA: National Observatory of Athens 

 

 Initial earthquake locations were calculated by Hypo71 (Lee & Lahr, 1975) to 

determine 1-D seismic velocity model while travel times are calculated by SEISAN 

(Havskov & Ottemoller, 1999). Then, earthquakes were selected by applying specific 

criterias. In total, 483 well located events are determined by limiting GAP≤200, at 

least 10 P, 5 S readings. The ray paths and depth sections of the selected earthquakes 

show a total of 3913 P- and 3063 S- picks (Figure 3.3). 
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Figure 3.3 Epicenter distribution of events used in this study. (Green triangles represent the seismic 

stations). Histogram for depth of events and 1-D seismic velocity structure are shown as inset image 

located at the lower right corner. Most of earthquakes reveal a fixed depth around 8 km depth 

 

3.2.5 1-D Velocity Structure of Izmir and Surroundings 

 

A starting model is required to obtain the minimum 1-D velocity model, and it has 

been chosen by considering findings of previous seismological studies. Akyol et al. 

(2006) report a Vp=7.8 km/s at a 30 km depth with six layered velocity model. 

Kalafat et al. (1987) calculate a P-wave velocity as 8.30 km/s at 90 km depth. 

Kaypak & Gokkaya (2012) present the Vp as 6.5 km/s at 25 km depth with six 

layered velocity model (Figure 3.4). 
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Figure 3.4 1-D Seismic velocity models for P- wave velocities after compiling outcomes of various 

studies. * Layer thickness is considered as infinite 

 

In the tests with velocity models, the Vp/Vs ratio was used to obtain Vs velocity. 

The area's of Vp/Vs ratio was calculated as ~1.739 from the Wadati diagram plotted 

using selected earthquakes in this study. For distant earthquakes where the time 

difference between the P- and S- wave phases is more than 4 s, scattering in linear 

relation was observed by increasing the distance due to the phase reading errors 

(Figure 3.5). Moreover, the division into two branches in Wadati diagram is not 

something expected. This phenomenon is specifically examined and a relation with 

depths found. 

 

 Almost 100 initial test models were produced in the frame of this study. However, 

only one of them was selected as best solution (Figure 3.6a). The preferred result was 

at the 83th model (0.11 s) by exhibiting lowest RMS value (Figure 3.6b). As a result 

of these stages, a 40-layer model with a P-wave velocity changing from 5.90 km/s to 

7.32 km/s was chosen as initial model (Figure 3.6a). The 6-layer final model with a 
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P-wave velocity between 4.06-7.59 km/s was produced by applying simultaneous 

and repetitive inversions on this model. And the final model was determined as the 

"minimum 1-D crustal velocity model" from this study. The high velocity changes 

which belong to the seismogenic zone transition were observed at 10 km depth 

(Table 3.2). 

 

 
Figure 3.5 Wadati diagram produced from P- and S- wave travel times of 483 earthquakes. Blue dots 

refer fix depths while reds present highest Vp/Vs ratio values 

 

Travel time-distance plot for P- and S- waves is given in Figure 3.7 after 

examining 483 well located events. Average velocities are calculated as Vp=6.19 

km/s and Vs=3.59 km/s. S-phase arrivals could not be well distinguished in some 

earthquakes due to weak signal-to-noise. 
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Figure 3.6 a) Final 1-D seismic velocity model  of this study (red line) on selected min RMS value 

during the inversion procedure (blue line) after trying many initial models (gray lines), b) Reported 

RMS values of this study after usage of all initial models. Final model of this study has selected from 

the lowest RMS value (0.11 s) which is observed at 83th trial 

 

Table 3.2 Final 1-D seismic velocity model of P-wave (* approximate value calculated by the 

algorithm) 

Depth 

(km) 

P Velocity  

(km/sec) 

-1.00 4.06 

1.50 4.27 

9.75 4.66 

12.75 6.20 

18.00 6.38 

21.75* 7.47 

30.00 7.59 

 

P-phase residuals and the residual time change at each station which are 

calculated from each event, have been shown in Figure 3.8. While P-phase residual 

times changed between -0.4 and 0.4 before the inversion, these values are improved 

in a way to be cumulated between -0.2 and 0.2 after the inversion. Changes in 

residual time before and after the inversion can be observed in Figure 3.8. Whether 

the average of the residual times for all stations is 0.197 s, it is decreased down to 

0.113 s after the inversion. Positive and negative delays at stations can be interpreted 

with the existence of soft and massive units (Kaypak & Eyidogan, 2002; Civgin & 

Kaypak, 2012). 
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Figure 3.7 Travel time-distance plot obtained from well located events. Pg and Sg refer velocities of 

local earthquakes travelling within granitic layers 

 

Relocations and depth distributions of all 1723 earthquakes are shown in Figure 

3.9 according to the new 1-D seismic velocity model that is obtained in the frame of 

this study. Some swarm type activities can be observed around Izmir Outer Bay, 

OFZ, SFZ, GFZ and UFZ. Focal depths generally concentrate between 5-15 km of 

the earth crust. But before the inversion, their hypocenters were exhibiting a fixed 

depth in 8 km (see Figure 3.3). 

 

As seen in Figure 3.10, some tests were applied on event data in order to 

understand the accuracy of the velocity models that is obtained from P-waves. In the 

first test, the inversion was repeated by changing earthquake locations (latitude, 

longitude, depth). It is normally expected that relocations will return to their original 

computations in order to test the stability of the 1-D P- seismic velocity model.  
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Figure 3.8 Comparison results for travel time residuals before and after the inversion. Meaning of 

numbers are given in Table 3.1 

 

 

Figure 3.9 Relocations and focal depths of all 1723 events earthquakes after new 1-D seismic velocity 

model obtained in the frame of this study 
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Figure 3.10 Results of the shifting test for 1-D seismic velocity models with variables (left hand side) 

and constants (right hand side). The black dots represent the amount of artificial shift relative to the 

first location of the earthquakes, while the red dots show the backward reflection power of the 

artificially displaced earthquakes to understand the inversion solution quality. It is clearly observed 

that the majority of artificially displaced earthquakes in the direction of latitude, longitude and depth 

have returned to their older position 
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Hence, earthquakes were shifted horizontally (10-15 km) and vertically (3-7 km) 

by applying correction factor. Calculations in inversion process were made with two 

different factors. While the 1-D seismic velocity model is selected as a variable in the 

first test, the 1-D seismic velocity model became a constant in the last one. 

 

In order to understand the accuracy of the velocity models obtained from P-

waves, some tests were applied (Figure 3.10). In the first test, the inversion operation 

was repeated via changing the earthquake locations (latitude, longitude, depth) and it 

was expected that these relocated earthquakes return to their original locations in 

order to test the stability of the 1-D P- seismic velocity model. For this reason, the 

earthquakes were shifted as randomly 10-15 km in terms of latitude-longitude and at 

3-7 km level in terms of depth and the correction factor were applied for the 

earthquakes shifted vertically in terms of the depth. In the inversion process, the 

calculations were made depending on two different factors. While the 1-D seismic 

velocity model was selected as a variable in the first test, the 1-D seismic velocity 

model became a constant in the second test.  

 

3.2.6 Results and Discussion 

 

A six layer 1-D seismic velocity structure for Izmir and surroundings is computed 

in the frame of this study. For this purpose, travel time information of 483 well 

located earthquakes out of total 1723 events are examined in the time period from 

August 2008 to December 2014. Average velocities are calculated as Vp=6.19 and 

Vs=3.59 km/s from the time-distance curves. It is also detected that the P-wave 

residuals before and after the inversion were decreased by 50%. 

 

Location results obtained from new model were compared with reported studies. 

Akyol et al. (2006) exhibits disperse activities around SB and south of IB. A clear 

seismic gap is also observable at the NW edge of OFZ (Figure 3.11a). Kalafat et al. 

(1987) also reports similar seismic gap on OFZ (Figure 3.11b). Since tectonic 

features in Denizli are coherent with Izmir, the velocity model of Kaypak & 
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Gokkaya (2012) is also examined (Figure 3.11c). This study reports below findings 

for Izmir and surroundings (Figure 3.11d): 

 

 Earthquake activities in the north of OFZ, SB and IB are observed. It was 

reported as seismic gap in Akyol et al. (2006)  

 Swarm type seismic activates are observed on OFZ, IFZ, SFZ and OFZ while 

Kalafat et al. (1987) model reports dispersive seismicity over there. 

 Outer IB exhibits more clustered events comparing findings with Kaypak & 

Gokkaya (2012) model. 

 KP, SB, east of OFZ present swarm type seismic activities in new model 

while they are not detectable if other velocity structures are preferred. 

 RMS location errors and residuals were more robust in the new 1-D model 

comparing with others (Figure 3.12). 

 

Earthquake locations, RMS errors and residuals are gradually much more 

sensitive and stable for the study area (Figures 3.12, 3.13). 

 

 
Figure 3.11 Earthquake locations that are obtained from reported velocity models (e.g.; Figure 3.4) 

and this study. a. Akyol et al.  (2006), b. Kalafat et al. (1987), c. Kaypak & Gokkaya (2012), d. this 

study 
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Figure 3.12 Distribution of RMS location errors for final 1-D P-wave velocity models that are 

concluded from a. Akyol et al.  (2006), b. Kalafat et al. (1987), c. Kaypak & Gokkaya (2012), d. this 

study 

 

 

Figure 3.13 Distribution of residuals that are obtained from final 1-D P-wave velocity models that are 

concluded from a. Akyol et al.  (2006), b. Kalafat et al. (1987), c. Kaypak & Gokkaya (2012), d. this 

study 

 

     Six different velocity zones have been identified in the study area. The upper 

layer with 2.5 km thickness corresponds to the units related to younger sediments. 

Next layer goes down to 10 km depth and Vp velocities reach up to 4.66 km/s. The 

transition zone is observable under this layer with 3 km thickness with a Vp velocity 

6.20 km/s. When all these factors are taken into consideration, it can be said that the 

active seismogenic zone is ~10 km for Izmir and its surroundings. Seismic velocities 
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at the depth between 10 and 22 km are between 6.38 and 7.47 km/s. These high 

velocities generally correspond to Gabbro and oceanic rocks which are named as the 

lower crust. Since velocities calculated after this depth are approximate values 

generated by the algorithm, they are not interpreted. 

 

 Izmir and surroundings are one of the most important areas in Western Anatolia in 

terms of geothermal energy potential. The new model may not only be used in 

seismologic and seismotectonic studies, it may also enlighten characteristics of 

existing or potential geothermal reservoirs. 
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3.3 Determination of 1-D (One-Dimensional) Seismic Velocity Structure of 

Aegean Region 

 

3.3.1 Preface 

 

Similar study performed in Izmir and surroundings, several 1-D seismic velocity 

models are also used for the Aegean region of Turkey. A careful investigation was 
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made from available literature and additional crustal proposals (e.g.; Salah et al. 

2007, Tezel et al. 2010, Delph et al. 2015) have considered in the present study 

including existing models (e.g.; Kalafat et al. 1987, Akyol et al. 2006, Salah et al. 

2007, Ozer & Polat 2017a). All reported studies have been used as initial parameters 

in LOTOS, and Ozer & Polat (2017a) is chosen as 1-D velocity module of the 

program since the study exhibits lowest RMS.  

 

3.3.2 1-D Velocity Structure of Aegean Region Using LOTOS Code 

 

The computations start with the initial location in accordance with 1-D seismic 

velocity model. As previously described (e.g., Chapter 2), absolute-velocities depend 

on real sources with unknown parameters are not stable and computations present 

unreliable results. This variability is usually owing to trade-off between earthquake 

depth, origin time and velocity distribution. Incorrect information in 1-D velocity 

model may create inaccuracies in final result. Apart from the VELEST algorithm, a 

new 1-D module (called LOTOS algorithm) has been developed to decrease the 

impact of starting model on tomographic inversion.   

 

Several starting models which can be applied to study areas, have been analyzed 

to improve the robustness of optimization. Although all 1-D models differ from each 

other, final 3-D tomographic results obtained from the LOTOS does not change too 

much. Nevertheless, the RMS values reveal an idea to understand the appropriate 

final 1-D model (Table 3.3). Since the lowest RMS is obtained in the initial model 

proposed by Ozer & Polat (2017a) it has been selected to compute 1-D velocity 

model (Table 3.4). And, it was used for all 3-D tomographic calculations performed 

for the periphery of Izmir and in the whole part of the Aegean region of Turkey. 
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Table 3.3 RMS values for different initial models conducted in the Aegean region (Kalafat et al., 

1987; Akyol et al., 2006; Salah et al., 2007; Tezel et al., 2010; Kaypak & Gokkaya, 2012; Delph et al., 

2015 and Ozer & Polat, 2017a) 

Studies 

RMS 

Vp Vs 

Kalafat et al., 1987 0.49 0.71 

Akyol et al., 2006 0.21 0.32 

Salah et al., 2007 0.23 0.38 

Tezel et al., 2010 0.44 0.73 

Kaypak & Gokkaya, 2012 0.24 0.36 

Delph et al., 2015 0.51 0.75 

Ozer & Polat, 2017a 0.16 0.24 

 

Table 3.4 Final 1-D seismic velocity model obtaining by LOTOS 1-D module for Aegean region, 

Turkey 

 

 

 

 

 

 

 

 

Depth 

(km) 

P- wave velocity  

(km/s) 

-2.0 3.1 

2.0 4.2 

10.0 4.7 

12.0 6.2 

18.0 6.5 

25.0 7.5 

50.0              8.5 
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Kısım 4                                      CHAPTER FOUR 

LOCAL EARTHQUAKE TOMOGRAPHY OF İZMİR GEOTHERMAL 

AREA, AEGEAN REGION OF TURKEY 

 

This part of thesis was published in Bollettino di Geofisica Teorica ed Applicata 

(Ozer & Polat, 2017c). 

 

4.1 Outline 

 

The Izmir Gulf and surroundings are located within an important geothermal area 

of Turkey in the Aegean region (Western Anatolia). The region represents a natural 

laboratory where multi-disciplinary approaches in earth sciences find space to study 

the dynamics of the coupled lithosphere-fault system. Seismological studies are 

going on to investigate the origin and the nature of the earth structure. In the present 

study we perform a first attempt to define the crust and upper mantle seismic 

properties by local earthquake tomography. The major tectonic features within the 

170x90 km
2
 rectangular area include Aliaga, Balcova, Menemen, Seferihisar 

geothermal systems and Urla hot spring. 783 well-located earthquakes, each one with 

at least 11 travel time readings, are selected to assemble a bulk of 7676 P- and 6431 

S-phase picks. The 3-D distribution of P-wave velocity (Vp), S-wave velocity (Vs) 

and the P-wave/S-wave velocity ratio (Vp/Vs) allow resolving the earth crust down 

to 30 km of depth. Thickest and broadest low Vp velocity anomalies are found 

beneath Outer Gulf and North of the Izmir Bay. A high Vp/Vs ratio corresponding to 

a low Vs model, is detected beneath the Menemen geothermal system (MGS). From 

local tomography, we identify four main seismic layers at variable depth from the 

surface to the lower crust. The lower crust/mantle discontinuity is found at 

approximately 27 km of depth. This transition is characterized by an undulated shape 

and intrusive bodies are imaged beneath the main geothermal systems. 
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4.2 Introduction 

 

The Aegean region of Turkey, known as one of the most seismically active areas 

in the Eastern Mediterranean region, focuses ongoing attention as it includes a broad 

area of distributed deformation characterized by an N-S extensional tectonic regime. 

This system creates E-W trending grabens with intervening horsts and associated 

normal faults that developed since the Upper Miocene-Pliocene (Reilinger et al., 

2010; Yin, 2010; Oner & Dilek, 2011; Jolivet et al., 2012). Since major earthquakes 

occur mainly along the North Anatolian Fault (NAF) zone (Figure 4.1), most of the 

seismological 

 

 

Figure 4.1 Geological map and principal tectonic features around Izmir geothermal area. 

Abbreviations; BB: Bornova Basin; CB: Candarli Bay, DH: Doganbey horn, GB: Gulbahce Bay, 

GFZ: Gulbahce fault zone, IG: Inner Bay of the Izmir Gulf, IFZ: Izmir fault zone, KFZ: Karsiyaka 

fault zone, KP: Karaburun peninsula, MFZ: Menemen fault zone, OFZ: Orhanli fault zone, SB: 

Sigacik Bay, SFZ: Seferihisar fault zone, UI: Uzunada Island, UFZ: Uzunada fault zone, YM: 

Yamanlar mountain, ZBFZ: Zeytindag-Bergama fault zone. Main geothermal systems 1: Aliaga-AGS, 

2: Balcova-BGS, 3: Cesme-CGS, 4: Menemen-MGS, 5: Seferihisar-SGS, 6: Urla-UHS, Urla Hot 
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Spring). Inset map: NAF: North Anatolian Fault, EAF: East Anatolian Fault (modified after Emre & 

Ozalp, 2011; Uzel et al., 2012; Erkan, 2015; Coskun et al., 2016) 

 

studies focused on revealing seismicity and estimating the seismic hazard for the 

Western Anatolia, the Marmara and the Aegean regions (e.g., Gurbuz et al., 2000, 

Polat et al., 2002a, 2002b; Gurbuz et al., 2003; Cisternas et al., 2004; Tunc, 2008; 

Polat et al., 2008; Tunc et al., 2011; Gok & Polat, 2012; Avsar et al., 2014a, 2014b, 

2015, Frederiksen et al., 2015; Kahraman et al., 2015; Poyraz et al., 2015; Avsar et 

al., 2016; Ozmen & Can, 2016; Ozer & Polat, 2017a, 2017b, 2017c). 

 

Local earthquakes are exploited for the first time to investigate the seismic 

velocity structure of the complex Izmir area. Whether additional applications such as 

teleseismic and ambient noise tomography could improve the resolution of the 

rheologic/structural features and decrease uncertainties in tomography, it is also 

possible to investigate the study area using a dense seismic array (Xu et al., 2009). 

This experiment took place around the periphery of Izmir geothermal area located at 

the western extremity of the Aegean region (Western Anatolia). This area is 

characterized by elevated heat flow values of 95mWm
-2

 concentrated mainly along 

the coastal areas including Izmir (e.g., Ilkisik, 1995; Dolmaz et al., 2005; Salk et al., 

2005; Akin et al., 2014; Bilim et al., 2016). Interpretation of gravity and 

aeromagnetic anomalies in Izmir and surroundings reported isostatically thickened 

crust which increases in thickness towards the East (Ates et al., 1999). 

Magnetotelluric measurements revealed resistivity patterns associated with the main 

tectonic features. The findings exhibit low resistivity along the basins and grabens 

down to 5 km depth indicating complex tectonic structures (e.g., Ozguler & Unay, 

1977; Caglar, 2001; Gurer et al., 2004; Kaya, 2010). No dense arrays of seismic 

stations were deployed in the past within the Izmir Region. However, some studies 

reported significant velocity anomalies beneath Anatolia and a decrease in crustal 

thickness towards North and NW of Turkey (e.g., Gurbuz et al., 2003; Bekler & 

Gurbuz, 2008). Coskun et al. (2016) performed a marine geophysics study revealing 

the submarine sea-bottom morphology by acoustic data. They found a fault zone 

mainly aligned in the NW-SE direction in the Gulf of Izmir. Another research in the 

Izmir Gulf was conducted to investigate the coseismic displacements of the 17-21 
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October 2005 (M5.9) Izmir earthquake that caused extensive damage (Pamukcu et 

al., 2015a). Other detailed investigations of vertical and horizontal deformations 

were performed by monitoring microgravity and GPS/GNSS methods (e.g., Aktug & 

Kilicoglu, 2006; Pamukcu & Yurdakul, 2008; Ozener et al., 2013; Pamukcu et al., 

2015b). 

 

From these studies, it has been suggested that earthquake locations play a 

significant role for seismological and seismotectonic interpretations and for 

evaluating scenarios for settlement areas (Gok et al., 2014). This task can be only 

achieved if velocity structure and deformation characteristics are accurately and 

precisely known. Many tomographic studies heavily depending on the number of 

used stations, methods, data amount, and ray path density, reported a crustal 

thickness ranging from 20 to 35 km, and an almost flat crust-mantle transition 

beneath central Anatolia (e.g., Salah et al., 2007; Cambaz & Karabulut, 2010; Tezel 

et al., 2010; Bakirci et al., 2012; Salaun et al., 2012; Salah et al., 2014). Other studies 

on attenuation and anisotropy, have shown an agreement in anisotropy directions 

between Pn- and Sn-waves, highlighting an extensional component towards to the 

southern Aegean Sea (e.g., Mutlu & Karabulut, 2011; Sahin et al., 2013; Sahin & 

Cinar, 2014; Paul et al., 2014). Very few seismological studies have been carried out 

in the study area. One of the recent attempts has been performed by using ambient 

noise tomography and presented a poor understanding of the complex subsurface 

structures due to the lack of denser seismic array (Delph et al., 2015). High 

resolution and accurate crustal imaging from local earthquake tomography (LET) has 

never been applied in the Izmir area. Previous seismological studies display some 

estimates of crustal thickness on sparse distributions of temporary and permanent 

seismic stations (Salah et al., 2007; Tezel et al., 2010; Salaun et al., 2012; Karabulut 

et al., 2013). 

 

The LET algorithm is often preferred in many studies since it allows to reveal 

crustal seismic variations by performing 3-D joint inversion for hypocentral 

parameters and velocities. The velocity perturbations have close relations with 

lithological changes, petrological characteristics of rocks, fluid-rich and high pore 
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pressure sub-areas, regional tectonics, and the structure and geometry of faults 

(Koulakov et al., 2009; 2010a; 2010b; Kaypak & Gokkaya, 2012; Muksin et al., 

2013). The algorithm represents a useful and convenient tool to reconstruct the 

regional tectonics and seismogenic characteristics. The Earthquake Department of 

the Disaster and Emergency Management Authority (AFAD) has greatly enhanced 

the earthquake monitoring capability in Turkey since 2005 by deploying new seismic 

stations (Inan et al., 2007; Polat et al., 2009). 

 

4.3 Geology, Tectonics and Hydrothermal Activities 

 

The geology of the Izmir area is formed by six principal units (Figure 4.1) that 

have a relation with the deformation, regime, extensional tectonics and basin 

formation. The Menderes massif is a well-defined core complex of western Anatolia 

(Gessner et al., 2001a, b). The Karaburun platform is mainly observable along the N-

S direction in the Karaburun Peninsula (KP) composing Palaeozoic-Mesozoic age 

carbonate platforms in the west of the study area. It is characterized by andesitic to 

rhyolitic and felsic pyroclastic rocks. All of these units are overlain by Urla Neogene 

sediments. These overlying units are reported as Middle Miocene in age (Genc et al., 

2001; Ersoy et al., 2014). The Bornova flysch zone covers a wide area and is 

assumed as the basement unit in the study area. It comprises limestones, cherts, 

submarine volcanic rocks and serpentinites embedded in a flysch-type sedimentary 

matrix with a metamorphic grade representing Yamanlar Mountain (YM) to the 

North, Spil Mountain (SM) to the NE, Nif Mountain (NM) to the East and the 

Seferihisar High (SH) to the south of the Gulf of Izmir (Uzel et al., 2012). Neogene 

volcanic rocks are mainly oriented in the E-W and NE-SW directions overlying the 

Bornova Flysch zone. Foca volcanic rocks to the north of the study area are 

represented by a lower and an upper succession. They overlie the alluvial fan and 

fluvio-lacustrine sedimentary units of the lower sedimentary succession. The upper 

sedimentary succession, represented largely by lacustrine limestones and underlying 

sandstones, is intercalated with and conformably overlain by the mafic rocks (Okay 

& Altiner, 2007; Ersoy et al., 2014). Quaternary alluvium is characterized by the E-

W to NW-SE trending Izmir bay filled with Plio-Quaternary alluvial fan and shallow 
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marine sediments. The Bornova Basin (BB) to the east and northern parts and a very 

narrow strip oriented in the E-W direction along the southern coast of the Gulf of 

Izmir are filled by this young sedimentary deposit (Uzel et al., 2013). The Aegean 

region in Turkey is geographically well known by numerous gulfs such as Candarli 

Bay (CB) located to the north, Izmir Bay in the middle, and Sigacik Bay (SB) to the 

south of the study area. Izmir Bay is one of the most distinctive bays in the region 

having an L-shaped basin controlled by active faults. It can be divided into two 

basins, based on their surface and subsurface morphology: Inner and Outer Gulfs. 

The Outer Gulf is divided by another depression named Gulbahce Bay (GB). 

 

The orientation of the main faults is NE-SW, N-S, NW-SE and E-W. Two fault 

zones named the Seferihisar (SFZ), and Orhanli fault zones (OFZ) with NE-SW 

orientation bound the SH from the western and eastern parts of the Aegean Sea and 

the Gulf of Izmir. The SFZ is a dextral fault zone 2-5 km wide and 30 km long. 

Towards the north, the fault bends to N40-50°E (Uzel et al., 2013) and links with the 

Izmir Fault Zone (IFZ). The OFZ is the most prominent structure in the region 

located SW of Izmir. It bounds the SH to the east and can be traced for 

approximately 45 km from the Gulf of Izmir to the Doganbey Horn (DH) to the 

south. Other main tectonic features located at the northern part of the study area are 

the Menemen (MFZ) and Zeytindag-Bergama (ZBFZ) fault zones. The N-S trending 

Gulbahce Fault Zone (GFZ) can be followed between GB and SB bounding KP and 

Urla Neogene sediments. Surface rupture during the 17-21 October 2005 (M5.9) 

earthquake started as dextral from the SB and ended as an oblique-reverse fault 

towards the GB (Emre & Ozalp, 2011). The NW-SE trending fault named Uzunada 

Fault Zone (UFZ) was recently investigated by marine geophysical studies and 

interpreted as a feature 15 km long and 2 km wide along the Outer Gulf to the east of 

the Uzunada Island (UI) (Coskun et al., 2016). The UFZ shows some normal faults 

trending in the NW-SE direction detected from the seabed topography (Figure 4.1). 

The IFZ extends along the southern coast of the IG. It is an E-W trending active 

normal fault zone approximately 2-4 km wide and 40 km long. It bounds the SH and 

NM. The northern part of the Inner Bay is bounded by the Karsiyaka Fault Zone 
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(KFZ) which is an antithetic fault to the IFZ. It is also a normal fault zone 0.5-2.5 km 

wide and 20 km long (Uzel et al., 2012).  

 

The Aegean region of Turkey lies in an important geothermal energy zone along 

the active Alpine-Himalayan Orogenic Belt. Western Anatolia has more than 600 hot 

springs with temperatures ranging from 25°C to as high as 287°C in hydrothermal 

alteration zones. However, some important resources are located in the study area 

(Aksoy et al., 2008). Because hydrothermal manifestations are widely spread in the 

study area, the geothermal resources of Izmir and its surroundings reveal a high 

potential to implement energy and balneological purposes. The study area includes 

six principal geothermal areas around the Gulf of Izmir oriented mainly along the N-

S and E-W directions. These resources are 1) AGS-Aliaga geothermal system, 2) 

BGS-Balcova geothermal system, 3) CGS-Cesme geothermal system, 4) MGS-

Menemen geothermal system, 5) SGS-Seferihisar geothermal system, 6) UHS-Urla 

hot spring with temperatures of 98, 140, 56-62, 55, 56-95, and 19-32 °C, respectively 

(Yilmazer & Alacali, 2005). The hydrothermal patterns of the geothermal resources 

are strongly controlled by the NE-SW, N-S and E-W oriented fault zones (Figure 

4.1). The IFZ, GFZ, OFZ and ZBFZ are responsible for several geothermal areas by 

providing effective conduits for the geothermal systems in the study area. The AGS 

and MGS are located in an area of faults. The BGS is in the E-W trending IFZ 

located at the SH. It is limited to the narrow, nearly vertical zone where the Bornova 

flysch deposits appear to be fragmented by faults. The CGS of the western extremity 

of the Karaburun Peninsula discharges mainly from Neogene volcanics. The SGS 

developed over the OFZ, which bounds horst and graben structures. The UHS has 

some outflows of hot water resources near GB, but there is no detailed research 

regarding geothermal energy to reveal its potential. It has a flow rate of 10 l/s 

(Serpen et al., 2009; Magri et al., 2010). 
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4.4 Data, Algorithm and Test 

 

4.4.1 Background of Data 

 

It should be noted that the data quality varies according to the station equipment, 

deploying time, conditions at station sites and earthquake magnitude. The permanent 

seismic network in Izmir and the surrounding area consists of 44 stations in total 

(Figure 4.2). The recording period spans from the middle of August 2008 until the 

end of December 2014. The most of the stations (~60%) were operated by the 

Earthquake Department of the Disaster and Emergency Management Authority 

(AFAD) and collected at least three years of continuous data. The seismic 

deployment in the Aegean region of Turkey including Izmir has been improved since 

2008, after the enhancement of the AFAD-IzmirNET small-aperture local array in 

cooperation between the AFAD and DEU-Dokuz Eylul University (Polat et al., 

2009; Gok & Polat, 2014). The IzmirNET network improved P and S- wave travel 

times collected by other seismic stations operating with a nearly 6-year recording 

time. We have also added the data from ISC (International Seismological Centre) 

deployed around the study area. To improve the solution quality, different earthquake 

catalogs recorded by different types of instruments were merged. The stations were 

equipped with three-component instruments such as Guralp CMG-3T, Guralp CMG-

3ESP, GeoSIG GMS-Plus and Guralp CMG-5TD. 

 

During the data acquisition, we collected 15,924 P- and 13,188 S-picks from 1757 

earthquakes with a magnitude equal or greater than 2.0. Picks include also phase 

travel times from stations located outside the study area (Figure 4.3). Most of the 

stations were concentrated in a rectangular area bounded between 26.20-27.75°E 

longitudes and 38.00-38.80°N latitudes. Sparse seismic clusters are evident as a 

result of the active extensional and compressional tectonics. Swarms are observable 

to the south and east of DH, around the SB area, along with the NW-SE direction in 

the Outer Bay and south of the eastern extremity of the Gulf of Izmir. 
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We have established two principal criteria to select the data. First, the total 

number of P- and S- readings for each event should be at least 11. Secondly, their 1-

D residuals (average 1-D RMS residual value: 0.11s) must be smaller than that of the 

initial model for P- and S- waves of 0.3 and 0.5 s, respectively.  

 

 

Figure 4.2 Time sequence for operational period of earthquake stations and networks between August 

2008 and December 2014. Operational time interval of most stations is longer than 3 years except 

some 5T and GMS-Plus stations. The right histogram shows total of phase readings by each station. 

Bottom graphic presents total number of recorded events per month. Dense earthquake concentration 

is observable between 2011 and 2013. Abbreviations; AFAD: Earthquake Department of the Disaster 

and Emergency Management Presidency in Ankara-Turkey, ISC: International Seismological Centre 

 

Selection of S-wave arrivals often creates difficulty in obtaining accurate 

locations and resulting in reliable velocity models with higher resolution. However, 
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the high level of background noise in seismograms and, the weak amplitudes of P-

wave arrivals may cause inaccurate selection, whereas while S-waves are much 

clearer for the Izmir case (Kececioglu & Polat, 2012). The 1-D seismic velocity 

model (Ozer & Polat, 2017a) and earthquake locations of 783 local earthquakes 

recorded by 44 stations were obtained after several attempts (Table 1). 

 

Table 4.1 The starting 1-D reference model for P- velocity (Ozer & Polat, 2017a) 

Depth 

(km) 

Vp 

(km/s) 

-2.0 3.1 

2.0 4.2 

10.0 4.7 

12.0 6.2 

18.0 6.5 

25.0 7.5 

50.0 8.5 

 

 

Figure 4.3 Seismic activity of the study area during the period from August 2008 to December 2014 

showing 1757 events in total (M≥2.0). Filled triangles indicate 44 seismic stations. White circles show 

location of earthquakes. Dashed rectangle displays the focused area in the present study. Blue 
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triangles show the IzmirNET local station array deployed by the DEU and AFAD (hand-picked). The 

red triangles show other instruments (ISC) used in the study. Events display clear swarm activity 

around Outer Gulf of Izmir and Sigacik Bay. We also detected a NE-SW aligned cluster on Orhanli 

Fault Zone 

 

In order to predict the effect of noise on resolutions besides the optimal values of 

inversion parameters, we applied some synthetic tests as reported similar in Totaro et 

al. (2014). This synthetic travel time data was calculated for the source-receiver pairs 

as in case of observed data. The locations of real earthquakes correspond to the 

solution provided after seven iterations of real data inversion. The synthetic data 

were perturbed with random noise having the average deviations of 0.2 and 0.4 for 

the P- and S- data in this study, bringing to some values of variance reduction as in 

the case of real data inversion. 

 

4.4.2 Inversion Procedure 

 

The Local tomography software (LOTOS) developed by Koulakov (2009) is used 

in the present study. It simultaneously inverts both P- and S-velocity distributions, 

hypocentral corrections (four parameters for each source) and station corrections. 

The latest parameter is important because our dataset includes some stations located 

outside the study area. Station corrections help to reduce the effects on travel time 

between the boundary of the study area and the station. Station coordinates and P- 

and S- arrival times are needed as input, without any priori information on the 

earthquakes location or origin time. The search for the earthquake location starts 

from the centre of the network or the station with minimal travel time. The inversion 

procedure includes the iteration of location and inversion steps. It first 

simultaneously optimizes the best 1-D velocity model and gives preliminary 

hypocenters. For this step, it uses a grid-search method and tabulated travel times 

that were previously computed for a 1-D velocity model. In the vertical direction, the 

grid spacing depends on the data density, but it cannot be smaller than a predefined 

value. A bending algorithm is then used to perform ray tracing to move the sources 

in a 3-D velocity model. This algorithm is fast and performs reliable computations of 

travel times between two locations. The next step calculates the parameterization for 
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the first iteration (Jaxybulatov et al., 2011). It regularizes the solution by minimizing 

the gradient. The grids are based on vertical lines distributed regularly in a map view 

(in this study with steps of 5×5 km). To avoid any bias related to the basic 

orientation of the grid, we performed the inversions for several grids with different 

basic orientations (0°, 22°, 45° and 67° in our case). The LOTOS algorithm uses a 

matrix calculation and includes the elements responsible for station and source 

corrections (four elements for each source). The Sparse Linear Equations and Sparse 

Least Squares (LSQR) method (Paige & Saunders, 1982; Nolet, 1990) inverts the 

large sparse matrix. In the final stage, the inversion is damped by adding special 

regularization matrix blocks for amplitude tuning and smoothing. After computing 

the inversion in differently oriented parameterization grids, a mean model is 

calculated in a regular grid, and it is used as a starting 3D velocity distribution for the 

subsequent iterations. Synthetic modeling is used to estimate a few variables such as 

grid spacing, smoothing coefficients, amplitude damping, weights, and the number of 

iterations, for the inversion at different depth levels. Minimum average deviations of 

residuals and maximum numbers of events are also obtained from the best model 

(Jaxybulatov et al., 2011; Totaro et al., 2014).  

 

We run seven iterations and compute the reduced values of ~23% and ~26% for 

P- and S-wave arrivals. The RMS perturbations are 0.13 s and 0.19 s (Table 4.2). 

 

Table 4.2 RMS values of the P- and S-wave travel time residuals and the variance reductions for Vp 

and Vs 

Iteration rms P (s) rms S (s) 
reduction P 

(%) 

reduction S 

(%) 

1 0.1720 0.2514 0 0 

2 0.1510 0.2169 11.6871 13.7177 

3 0.1416 0.2012 17.1739 19.9878 

4 0.1373 0.1936 19.7129 22.9886 

5 0.1356 0.1891 20.6834 24.7840 

6 0.1346 0.1873 22.4710 25.8690 

7 0.1327 0.1865 22.5677 25.9009 

 

The best result for the LET study identified 783 selected events with 7676 P- and 

6431 S-readings showing 18 picks for each event (Figure 4.4). However, many 
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events are detected beneath the Quaternary and Neogene basin located between SH 

and NM (towards the south of the IzmirNET array).  

 

 

Figure 4.4 Vertical depth cross-sections of selected 783 events along the E-W and N-S directions. 

White circles symbolize final locations. It is clearly observable that earthquakes are generally located 

in the first 30 km of earth crust 

 

4.4.3 Resolution Test 

 

We estimate the optimal velocity values of inversion parameters and spatial 

resolution by using checkerboard tests. We present three different checkerboard tests. 

In these tests we described periodic negative and positive velocity anomalies (5 

km/s) of different dimensions between them: 50 km for Model 1, 30 km for Model 2, 

20 km for Model 3, and 5 km empty intervals for each model (Figure 4.5). We have 

performed several synthetic tests to resolve the noise effect and optimum values of 

inversion. For the same source-receiver pairs, we computed synthetic travel times as 

in the case of the observed data. At the seventh iteration, the locations of real sources 

were obtained in corresponding real data inversion. We then followed a similar 

process for real data analysis introducing the absolute source location. It can be seen 
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that spatial models for Vp almost for all depth sections are reconstructed in central 

parts of the study area with the anomaly sizes of 10 km showing a distinct separation 

between the Gulf of Izmir and Sigacik Bay areas. 

 

 

Figure 4.5 Periodic positive (red colour) and negative (blue colour) P- anomalies show 10% velocity 

perturbations in different block sizes: 50 km for Model 1, 30 km for Model 2, 20 km for Model 3 with 
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5 km empty spacing (top of the figure). Checkerboard tests is conducted to evaluate the spatial 

resolution and estimate the optimal values of inversion parameters have been defined for 0, 10, 20, 30, 

40 km depth levels. Solid lines represent coastlines of the study area. The anomalies are well 

reconstructed down to 30 km depths. But resolution is poor at levels deeper than 30 km due to the lack 

deep events 

 

 

Figure 4.6 Benchmark for testing the vertical resolution using the checkerboard model. Anomalies 

change ±10% for P-wave velocities. Vp/Vs ratio ranges from 1.5 to 2.0.  The input model with block 

size of 15х15 km
2
 is conducted to evaluate the reliability of vertical depth cross-sections. Outcomes in 

different profiles are satisfied to understand velocity structure of earth crust. Well resolved areas 

(shown as thick lines) indicate that tomograms can be interpreted with confidence 
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However, the resolution decreases in the eastern and western extremities of the 

study area as clearly seen in the 30 and 40 km depth layers due to the lack of data 

(Figure 4.5). On the other hand, we conducted vertical checkerboard test to show 

stability of vertical models. The input model used has velocity anomalies changing 

west-east direction as ±10% and from 1.5 to 2.0 for Vp and Vp/Vs; respectively. The 

vertical resolution is considered to be well down to 30 km for areas where the 

vertical checkerboard image is reconstructed. According to vertical checkerboard test 

outcomes, the capacity of data and station coverage can resolve the Izmir region and 

its near surroundings between 0 and 30 km. The resolution reduces at 25 km depth 

and below owing to the low ray density (Figure 4.6). Regarding these trials, it is 

possible to estimate the patterns for different parts of the study area. Additionally, 

these tests show that the inversion parameters are identical for real and synthetic data 

inversions, and they can be evaluated as adequate to provide optimal solutions.  

 

4.5 Results 

 

Izmir and its surroundings present significant hydrothermal activities that can be 

easily triggered/developed by fragmented ruptures and reveal a high potential for 

geothermal resources. Different fault systems distributed all along the Izmir area 

control the evolution of the geothermal activity. We report below new Vp, Vs, and 

Vp/Vs anomalies in both horizontal and vertical cross sections from local earthquake 

tomography inversion for Izmir geothermal region.  

 

4.5.1 Horizontal Depth Slices 

 

Horizontal cross-sections are constructed at depths of 2, 10, 15, 20, 25 and 30 km 

where a sufficient ray path coverage is provided. In all sections, prominent low and 

high Vp and Vs anomalies can be seen for different depths down to 30 km. The 

maximum and minimum perturbations between the initial and final velocity models 

vary approximately by ±10% (Figure 4.7).  
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Figure 4.7 Spatial variation of Vp, Vs and Vp/Vs models for depths 2, 10, 15, 20, 25 and 30 km. 

Velocity images and Vp/Vs models are indicated by the perturbations in percent (±10%) and the ratio 

(ranging from 1.5 to 2.0), respectively. Stars represent geothermal areas, and white circles show 

earthquake hypocentres that are projected onto slices with ±2 km depth differences (Focal depth of 

earthquakes between 0-4 km, 8-12 km, 13-17 km, 18-22 km, 23-27 km, 28-32 km for 2, 10, 15, 20, 

25, 30 km depth slices). Dashed and dotted lines show locations of positive and negative anomalies, 

respectively, which are mentioned in the text under Results caption. Main geothermal systems 1: 

Aliaga-AGS, 2: Balcova-BGS, 3: Cesme-CGS, 4: Menemen-MGS, 5: Seferihisar-SGS, 6: Urla-UHS, 

Urla Hot Spring) 
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Findings from different layers reveal that velocity models show significant low-

velocity anomalies down to lower crust deeper than expected. The Vp/Vs ratio 

ranges from 1.5 to 2.0. Plane views are presented in Figure 4.7 showing Vp and Vs 

perturbation within well-resolved areas. 

 

In general, low velocities in the shallow layers can be ascribed to severe 

fracturing, fluid-filled formation in rock matrix and weak materials (Serrano et al., 

2002). Low velocities are also the expression of thermal conductivity, presence of 

high heal flow and attenuated fragments consistent with the influx of asthenosphere 

to shallow depths as a result of ongoing lithospheric extension (Dolmaz et al., 2005; 

Salk et al., 2005; Tarcan et al., 2009; Delph et al., 2015). 

 

4.5.1.1 Slice at 2 km 

 

Negative Vp perturbations up to -8% are evident at the western end of Inner Bay 

of the Gulf of Izmir (NW area of the BGS), in the UI along the E-W direction and for 

a large area beneath MGS along NW-SE direction. Smaller negative Vp anomalies 

are found between UHS and CGS, East of UHS aligned NW-SE (dotted lines at Vp 

of Figure 4.7). Similar negative Vp changes were also observed near the CGS, even 

if the resolution is low. Geological contacts and rupture zones also reveal the low Vp 

(together with low Vs) anomalies. 2 km slice within our tomographic model is 

related to distributions of the Quaternary alluvial units. In contrast, positive Vp 

anomalies of about +8% extend from 26.8°E (Seferihisar High) up to 27.3°E along 

the NE-SW direction the BGS (dashed lines at Vp of Figure 4.7). Other remarkable 

positive Vp anomalies are located close to the NW-SE aligned offshore area of the 

Outer Bay and North of the KP. The distribution of large scale S-wave velocity 

negative anomalies down to -8% (dotted lines at Vs of Figure 4.7) is visible close to 

the eastern half of the resolved area. Low velocity ratios down to 1.6 (dotted lines at 

Vp/Vs of Figure 4.7) together with low Vp velocities in the shallow layers are likely 

the outcome of high fluid saturation and poorly consolidated material. It is evident 

that decreasing S-wave velocities results in a high Vp/Vs ratio which is interpreted as 
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saturated and highly fractured formations that comprise high fluid pressured 

volumes. Deposits around Inner Bay of the Gulf of Izmir are characterized by low 

Vp (with low Vs) and high Vp/Vs, possibly reflecting water-saturated sediments at 

shallow depths (see dotted lines at Vp, Vs and Vp/Vs in Figure 4.7). 

 

4.5.1.2 Slice at 10 km 

 

Contrary to the upper slice, at 10 km low Vp/Vs ratio (except near MGS) and Vp 

(with normal to positive Vs) anomalies are found near the geothermal areas (dotted 

lines in Figure 4.7). Their position is consistent with tectonic features and edges of 

the graben systems surrounded by the Quaternary and Holocene alluvial units. A 

sharp transition of the Vp/Vs ratio (from high to low) is observed around the eastern 

extremity of the Gulf of Izmir (dashed lines at Vp/Vs of Figure 4.7). It is reported 

that sedimentary deposits formed by the graben systems show this type of velocity 

perturbation along the coastal areas (Tarcan et al., 2005; Serpen et al., 2009; Magri et 

al., 2012). High-to-normal Vp/Vs and negative Vp (with negative Vs) anomalies are 

evident near the MGS area (see dashed and dotted lines, respectively, in Figure 4.7). 

This variation can be interpreted as a result of hydrothermal activity. Regardless of 

whether this type of perturbation is reported at shallower layers, we observed these 

anomalies at an approximately 10 km depth layer. In contrast to these assignations, a 

clear positive Vp and Vs anomalies (with low Vp/Vs) is also evident to the NW of 

the MGS (dashed lines in Figure 4.7). These bodies may mainly represent deep roots 

of Neogene-aged basaltic, andesitic and rhyolitic volcanic. Similar to the MGS, 

positive Vp (>4.0%) and Vs velocities with normal-to-high Vp/Vs ratio are 

observable in the KP. This area is located beneath mountain regions towards the SW 

of the UHS (dashed and dotted lines, respectively, in Figure 4.7). This result shows a 

general agreement with the main geological features of the KP, which are formed by 

Miocene-aged volcanics and Palaeozoic-Mesozoic-aged basalts (Aldanmaz et al., 

2000; Ersoy et al., 2014). 
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4.5.1.3 Slice at 15 km 

 

The compaction of geological features at depth may increase the pore pressure. 

Large-scale negative perturbations can be recognized from Vp and Vs anomalies 

(dotted lines in Figure 4.7). The Vp/Vs ratios increase from 1.8 to 2.0 within the 

same area (dashed lines in Figure 4.7). These high Vp/Vs together with low Vs 

perturbations are evident beneath mountain areas such as Nif, Spil, Y.M. and 

Seferihisar High. This anomaly combination can be interpreted as the existence of 

porous and fractured zones (Cevikbilen et al., 2012; Kaypak & Gokkaya, 2012; 

Khrepy et al., 2015). If the Vp distribution is compared with the distribution at a 10 

km depth slice, we observe a sharp decrease in negative Vp anomalies. Normal-to-

positive Vp and Vs bodies (dashed lines at Vp and Vs of Figure 4.7) with a low 

Vp/Vs ratio (dotted lines in Figure 4.7) tend along the NE-SW direction by reaching 

up to +10% to the SW of UHS. The outcrop of volcanic rocks, granites and 

magmatic materials situated at the deeper parts as members of the Menderes 

metamorphic massif, are responsible for higher-velocity anomalies. 

 

4.5.1.4 Slice at 20 km 

 

The Vp pattern at 20 km shows dispersed negative velocity zones (-8%). These 

structures also have a low Vp/Vs ratio near UHS, AGS and SGS (dotted lines at Vp, 

Vp/Vs of Figure 4.7). We notice positive Vp (with negative-to-normal Vs, high 

Vp/Vs) perturbations (+8%) to the SE of UHS along the NE-SW direction and the 

Spil M. at 27.3E longitude (dashed lines at Vp, Vp/Vs and dotted lines at Vs of 

Figure 4.7). As whole, high Vp/Vs anomalies (>1.95) are mainly dispersed to the 

east of the study region starting from 26.8°E   with negative Vs in the same area. 

This distinguishable separation may represent a variation in the depth range from the 

thinner to the thicker crust beneath the research area as reported for some cases in 

different studies (Gessner et al., 2013). We interpret these lateral variations as a 

slight increase in the crust towards the east of the study area. 
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4.5.1.5 Slice at 25 km 

 

Most areas located beneath the geothermal systems exhibit normal Vp and 

normal-to-high Vp/Vs anomalies. However, negative Vp and Vs patterns radically 

decrease by exhibiting dispersive distribution. Positive Vp anomalies (+9%) are 

observable at the centre of the research area including the BGS (dashed line of 

Figure 4.7). The southern coastline of the Gulf of Izmir following the IFZ reveal 

positive Vp changes (+6%) along the E-W direction. The same observation (high 

values) can also be followed for the Vp/Vs ratio indicating partial thermal melting of 

the subcontinental lithospheric mantle with different degrees of silica saturation 

(Ersoy et al., 2010; Gessner et al., 2013). 

 

4.5.1.6 Slice at 30 km 

 

Seismic velocities are characterized, as in the above slice, by a lower spatial 

resolution. Negative Vp anomalies are less pronounced (-4%) in comparison with 

shallower slices and are found along the NW-SE coast of Outer Bay, South and East 

of the study area (dotted lines in Figure 4.7). Velocity perturbation for the positive 

Vp band (+4%) shows a remarkable decrease along the southern coastline of Inner 

Izmir Bay compared with the previous layer (dashed lines in Figure 4.7). The Vp/Vs 

ratio increases (>1.9) to the eastern part of the study area (dashed line in Figure 4.7) 

representing variable degrees of melting of the metasomatized mantle assembled 

with garnet-amphibole, and subsequent differentiation processes such as magma 

mixing, assimilation and fractional crystallization (Ersoy et al., 2008; Helvaci et al., 

2009). 

 

4.5.2 Vertical Depth Cross-Sections 

 

To better constrain the crustal velocity structure of the Izmir geothermal area, we 

have generated vertical depth cross-sections of the Vp and Vp/Vs models previously 

unavailable for the study area (Figure 4.8). Highly resolved seismic patterns have 

been shown along the vertical sections as parallel and perpendicular profiles to each 
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other. Regardless of whether calculations were performed for much deeper and larger 

areas, velocity anomalies at the vertical section are resolved only down to a 30 km 

depth owing to the availability of data. 

 

Figure 4.8 Location of traces for depth cross-sections that oriented along the N-S (between V1 and 

V4) and E-W (from H1 to H4) directions in the study area. Absolute P-wave velocities (ranging 3.5-

8.5 km/s) and Vp/Vs ratio (between 1.5 and 2.0) tomographic models obtained from this study, reveal 

seismic features down to 30 km depth. Mantle boundaries are shown as dashed lines. Dotted lines 

show the locations of velocity anomalies mentioned in the text under Results caption. Blurred images 

indicate less reliable areas due to lack of ray paths. NM: Nif Mountain, SH: Seferihisar High. Main 

geothermal systems 1: Aliaga-AGS, 2: Balcova-BGS, 3: Cesme-CGS, 4: Menemen-MGS, 5: 

Seferihisar-SGS, 6: Urla-UHS, Urla Hot Spring) 
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The lowest Vp values are observed in the basin located towards the east of the 

Gulf of Izmir (3.5-4.0 km/s) down to 4 km depth. High Vp values at anomalously 

shallow depths in some profiles (e.g., V3, V4, H3) might be explained in different 

ways. The lowest Vp/Vs ratio (~1.5) has been detected as a ~10 km spatial length 

down to 2 km beneath the northern end of Seferihisar High (e.g., V3). The largest 

Vp/Vs values (1.75-1.95) were observed beneath Seferihisar High (e.g., V2, V3) 

down to a 25 km depth and around the OFZ (e.g., V3, H2). The Vp/Vs ratio increases 

(~1.9) towards the eastern end of the Gulf of Izmir (e.g., V3, H3). 

 

The 3-D vertical velocity models consist of four main layers. In general, we have 

identified four main crustal layers ranging in depth from the surface to 30 km: 

 

4.5.2.1 Upper Crust (0-7 km) 

 

The mean uppermost layer of the low Vp model lies down to ~5-7 km depths 

beneath the IFZ, basin structures and the Gulf of Izmir from small- to large- scale 

spatial lengths (e.g., V2, V3). Reflecting the near-surface geology such as Neogene 

sediments and Quaternary alluvial deposits results in this Vp change at the top layer. 

The calculated low Vp velocities range from 3.5 to 4.8 km/s, particularly by 

extending beneath the IFZ down to 3 km depths (e.g., V3). The low Vp patterns 

beneath the KFZ seem to be mutually inclined towards each other (e.g., V3). The 

deepest edges of the basin formed by the KFZ represent high Vp (> 6.5 lm/s), high 

Vp/Vs (1.75) anomalies which are consistent with the topographic slopes located at 

the North of the gulf. Because there is a close link between irregular basement shapes 

(e.g., Bornova Basin) and velocity anomalies near geothermal areas, the presence of 

the fluids along the fault zones may explain the high Vp/Vs anomalies (e.g., V4, 

Khrepy et al., 2015). This appears to be consistent with the orientation of normal 

faults identified in this area from geologic observations (Uzel et al., 2012). The high 

Vp bodies extend up to anomalously shallow depths as observable in V3, V4, and H3 

profiles. The thickness of the first (low-velocity) layer (0-7 km) dramatically 

decreases beneath the Seferihisar High with increasing Vp values (e.g., V2). We 
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detect gradually high Vp (~5.2 km/s) beneath the SFZ, OFZ, and MFZ (e.g., V1, V3, 

H2, H4) drifting up to shallow layers. 

 

4.5.2.2 Middle Crust (7-15 km) 

 

The Vp model provides some information about the internal properties of the 

different geological units between 7 and 15 km depth layers. The most significant Vp 

features of this layer (middle crust) are the presence of a thickening tendency 

towards North and East slightly visible at depth cross-sections (e.g., V1-V4 and H1-

H4 except H2). High velocities are observable beneath the Seferihisar High (e.g., 

V2), SFZ, OFZ, and MFZ (e.g., V1, V3, H2, H4) ranging from 5.0 to 6.0 km/s, 

approximately. These bodies may represent lithospheric crystalline rocks that 

intruded into the upper crust. 

 

4.5.2.3 Lower Crust (15-27 km) 

 

Kaypak & Gokkaya (2012) identified a Vp velocity of approximately ~6.5 km/s 

between 10-20 km for the Denizli basin (located to the eastern extremity of the 

Aegean region). We well resolved this layer with Vp velocities ranging from 6.2 to 

7.2 km/s. This sharp increase in Vp velocities reveals the variation of the rock 

composition in the study area, where heterogeneous rock units such as the tectonic 

melanges of the Bornova flysch zone may correspond to the ductile flow of the lower 

crust (Gessner et al., 2013). These velocities could also be explained by the presence 

of gabbro, increased process of serpentinization and other crystalline rocks 

(Hauksson, 2000). 

 

4.5.2.4 Mantle (>27 km) 

 

An acceptable resolution is found only in areas where the deepest earthquakes are 

present. Values of the resolution are low because of the existence of few recording 

stations and the low seismicity rate. Deeper velocities are related to some intrusive 

bodies towards the lower crust beneath southern part of the Gulf of Izmir (V1, H3), 
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IFZ (V2, V3), Nif Mountain (V4), OFZ and SFZ (H2) Yamanlar Mountain (H4). 

From the data, we estimate the crust/mantle transition at a ~27 km depth with high 

Vp rates (≥7.5 km/s) as an undulated boundary, which is in agreement with other 

geophysical studies (e.g., Salah et al., 2007; Komut et al., 2012;; Salaun et al., 2012; 

Karabulut et al., 2013; Tezel et al., 2013) and represents a global average on the 

lower bound of P-wave velocities (Ustaszewski et al., 2012). A similarly fluctuating 

shape of the Moho boundary is also observed in the Erzincan and Denizli cases 

(Kaypak, 2008; Kaypak & Gokkaya, 2012; Karabulut et al., 2013). The resolution 

gradually decreases with increasing depth, with the Vp model still showing, 

however, an acceptable level of resolution in the depth range of 0-27 km beneath the 

study area. 

 

4.6 Discussions 

 

Studies of thermal fluids, heat flow measurements, and reported temperatures are 

well above normal values in Izmir and its surroundings (Yilmazer &Alacali, 2005; 

Erkan, 2015) as also confirmed by using Curie-point depths (Aydin et al., 2005; 

Aksoy et al., 2008). Other geophysical measurements such as microgravity and 

magnetic study models (Ates et al., 1999; Duzgit et al., 2006; Pamukcu & Yurdakul, 

2008) performed along grabens and mountainous areas, are in line with the present 

velocity anomalies obtained in the frame of this study. It is evident that new findings 

that exhibit low Vp (<4.6 km/s) and low-to-normal Vp/Vs (<1.7) ratio could be 

associated with a high gas/fluid content of the material in the region by indicating 

new possible geothermal areas. 

 

To improve the interpretation for Aliaga (AGS), Balcova (BGS), Menemen 

(MGS), Seferihisar (SGS) geothermal systems and Urla hot springs (UHS), we have 

decided to project the region using two perpendicular profiles along N-S (profile-A) 

and E-W (profile-B) directions (Figure 4.9). Interpretations for the Cesme (CGS) 

geothermal system may not be fully meaningful regardless of whether it is located 

just at the boundary/outside the resolved area. 
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Figure 4.9 Depth cross-sections of the Vp and Vp/Vs anomalies crossing the Izmir geothermal area 

along the N-S (Profile-A) and E-W (as Profile-B) directions. Four different layers have been identified 

with distinct colour changes down to Moho (shown as dashed lines at about 27 km depths). Dotted 

lines show the locations beneath geothermal systems mentioned in the text under Discussion caption. 

Main geothermal systems 1: Aliaga-AGS, 2: Balcova-BGS, 3: Cesme-CGS, 4: Menemen-MGS, 5: 

Seferihisar-SGS, 6: Urla-UHS, Urla Hot Spring) 

 

4.6.1 Aliaga Geothermal Systems (AGS) 

 

It clearly shows a low Vp (<4.4 km/s) and low Vp/Vs (<1.60) ratio beneath the 

AGS (1) down to 8 km depth layers (Figure 4.9, profile-A). The mean temperature of 

the hot fluid is approximately 98°C at the surface. Hotter crust and higher heat flows 

can characterize these zones as also discussed by Lees & Wu (1999), Sherburn et al., 

(2003) and Aydan et al., (2005). Two new geothermal resources were discovered in 

2015 in Samurlu belonging to the AGS with a temperature of 90°C. In 2016, one of 

them already started to contribute to the geothermal power generation capacity of 

Turkey, which has increased from 30 MW in 2008 to currently 648 MW as of May 

2016 (Ozer & Polat, 2016a; b). We believe that the AGS area still presents desirable 

targets for more new geothermal potentials if dense site-specific studies are 

performed with seismologic sensors by using active/blast sources. 
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4.6.2 Balcova Geothermal Systems (BGS) 

 

Similar to the AGS, low Vp (<4.3 km/s) and low Vp/Vs (≤1.75) anomalies close 

to the surface are evident beneath the BGS (2) (Figure 4.9, profile-B). The reported 

temperature here is approximately 140°C. However, the BGS differs in its signature 

from the AGS. BGS shows negative Bouguer gravity anomalies as discussed in detail 

by Akgun et al., (2014) and Pamukcu et al., (2014, 2015b). Low Vp, low Vp/Vs 

anomalies are found at two different depth layers of 0-2 km and 5-11 km. 

Geothermal facilities are mostly generated by the fluids located at shallow depths. 

However, we report that a 2-5 km layer (low Vp, high Vp/Vs) must also be evaluated 

as a new possible geothermal resource not yet drilled. A normal-to-high Vp (>6.3 

km/s) and high Vp/Vs (>1.95) layer is also detectable between 2-5 km depths. This 

high Vp, high Vp/Vs anomaly can be linked with water-saturated cracks (low Vs) or 

high pore fluid pressures. Deeper depths of the BGS (11-30 km) exhibit transitions 

between high (>1.95) and low (≤1.7) Vp/Vs perturbations. As we can conclude from 

the events located at deeper depths (Figure 4.4), these transitions are reasonably 

resolved based on our data set. 

 

4.6.3 Menemen Geothermal Systems (MGS) 

 

It is located to the South of the AGS and reveals a similar low Vp (<4.5 km/s) 

body down to 6 km. However, its velocity ratio is quite different from the AGS by 

revealing high Vp/Vs of >1.75 (Figure 4.9, Profile-A). This area is located at the 

boundary of volcanics and sediments. Neogene Foca volcanics overlie alluvial-fan 

and lower sedimentary units. This composition increases the pore pressure, resulting 

in observations of high Vp/Vs. Low Vp, high Vp/Vs structures are mainly located at 

the shallow depths beneath MGS (4), indicating high fluid/melt contents by the high 

flow-rate. As an important thermal body of Izmir, the region can be evaluated by a 

possible magma intrusion considering with its high Curie temperatures (560-580°C) 

and heat flow rates (120 mW/m
2
) marked as maximal in the study area (Dolmaz et 

al., 2005; Hosny et al., 2009; Shater, 2012). A low Vp and high Vp/Vs combination 

is reported for the shallow-to-middle crust as a result of decreasing S-wave velocities 
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or reflecting water-saturated sediments (Hauksson, 2000; Kaypak & Gokkaya, 2012). 

The main water temperature of MGS is reported to be more than 55°C, but this field 

is known as one of the newest geothermal resources of Izmir (Ozkan et al., 2011) as 

the AGS, which still requires further specific studies to be performed. 

 

4.6.4 Seferihisar Geothermal Systems (SGS) 

 

Several hot springs occur in the central part of the SFZ and imply that the fault 

zone provides effective conduits for the SGS (5). It shows a clear low Vp (<4.6 km/s) 

and low-to-normal Vp/Vs (≤1.75) anomalies down to 4 km. Reported fluid 

temperatures at the surface change between 56° and 95°C. It seems that possibly 

reflecting the presence of granitic outcrops in the Bornova Flysch Zone (Seferihisar 

High) is responsible for the high Vp/Vs ratio (Gessner et al., 2001a, b). Furthermore, 

low Vp/Vs (with low Vp) anomalies are also detectable beneath the southern part of 

the IG (an area located close to the BGS). This finding reveals that abundance of 

potential geothermal resources near the BGS might be much higher than expected. 

 

4.6.5 Urla Hot Spring (UHS) 

 

Similar to the AGS, BGS, and SGS, the UHS (6) also presents clear low Vp (<4.6 

km/s), low Vp/Vs (≤1.70) anomalies down to 6 km. However, the reported 

temperature is gradually much lower, exhibiting 19-32
o
C at the surface. Geophysical 

measurements near the UHS report low self-potential, low resistivity and high 

conductivity anomalies performed in the last decade (Drahor & Berge, 2006; Gurer 

& Bayrak, 2007; Sindirgi et al., 2008; Kaftan et al., 2011, 2014). As a part of 

Western Anatolia where many geothermal resources are concentrated, the UHS area 

also needs a further seismological tomography survey to describe the GFZ which is 

an important fracture zone, and to improve the resolution. 

 

Our tomography inversion brings a new feature as illustrated by the simplified 

model in Figure 4.10 and suggests low-velocity zones beneath the Izmir geothermal 

area as shown from E-W and N-S profiles.  
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Figure 4.10 Interpretation cartoon for geothermal system beneath Izmir and surroundings. Moho depth 

is shown via red line. Stars represent main geothermal system. The background anomalies are the 

distribution of Vp velocities along profiles A and B, same as in Figure 4.9. Red arrows depict the 

pathway of intrusive magma bodies. Blue arrows are shown the pathway of intrusive body. Main 

geothermal systems 1: Aliaga-AGS, 2: Balcova-BGS, 3: Cesme-CGS, 4: Menemen-MGS, 5: 

Seferihisar-SGS, 6: Urla-UHS, Urla Hot Spring). Based on the tomographic results, we can conclude 

that Menemen area (4) can contain geothermal fluid and Seferihisar (5), Urla (6), Aliaga (1) region 

may comprise a high gas and CO2 content 

 

The weak lower crust, which is likely to represent a magmatic intrusive body, 

constitutes a thick viscous layer (between 15- and 27 km) that mechanically 

decouples the brittle-elastic middle crust (7-15 km). Hauksson (2000) attributed the 

high-velocity anomalies to intrusive mafic rocks derived from the cooled mantle 

magma between 7 and 15 km beneath basin type areas as we also observed in the 

seismic profiles. High-velocity anomalies beneath the study area are related to high-

density remnants within cooled Neogene volcanics during the late Miocene and 

Pliocene (Gessner et al., 2013) at the upper crustal layer (0-7 km). Structurally, 
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current magma activities continue to occur beneath the hydrothermal systems of 

Izmir and its surroundings. Although the estimated mantle boundary is located at a 

depth of 25-27 km, it tends to extend to shallow depths beneath the Gulf of Izmir. 

Similar to this observation, there is a huge low-velocity zone beneath the BGS 

starting at depths of 5-7 km and exhibiting a rectangular area of ~20×7 km
2
 size. Its 

transport system is probably linked to the partial melting or upwelling of the upper 

mantle. 

 

4.7 Conclusions 

 

This research presents the local earthquake tomography (LET) study in the Izmir 

geothermal area and provides significant insights about potential reservoirs not yet 

drilled. Detailed Vp, Vs and Vp/Vs structures also bring important information to 

reveal the crustal structure of the study area. To provide a basis for our result of the 

tomography models, we used earthquake data that are mainly compiled from AFAD 

and ISC catalogs. The LET algorithm is used to identify three-dimensional velocity 

variations in the crust that are mostly related to lithological and petrological 

properties of the different geological units. Aliaga (AGS), Seferihisar (SGS) and Urla 

(UHS) regions are represented by low Vp/Vs, low Vp which are in agreement with 

previous studies performed in different regions. A Similar observation is found for 

Cesme (CGS) area, but the results are less reliable due to the insufficient number of 

earthquakes. The gas-filled porosity would result in low Vp, low Vs anomalies and a 

relatively low Vp/Vs ratio as we concluded for thee geothermal systems of Izmir. 

High Vp/Vs and low Vp indicate high fluid content beneath Menemen (MGS) area. 

The Balcova geothermal system (BGS) exhibits complex Vp/Vs characteristics at 

different depths down to 15 km suggesting different lithology. Velocity anomalies 

ranging down to 30 km reveals different depth layers. The upper crust mainly 

comprises Neogene sediments and Quaternary alluvial deposits showing low 

velocities. The middle layer exhibits velocities typical of the gabbro and other 

lithospheric crystalline rocks. A sharp increase in velocities is evident at lower 

crustal layer revealing Bornova Flysch zone. We report at 27 km of depth as an 

undulated transition the crustal-mantle boundary. Whether our tomographic results 
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could be the starting point for further investigation, we report that P- and S- wave 

anomalies show a fairly good correlation between velocity patterns of the main 

structural and tectonic features available in the region. Slight increase in the crustal 

thickness is evident towards North and East as derived from the cross-sections at 

depth. We find that past tectonic processes, such as large lateral offsets along the 

strike-slip faults and extensional tectonics contribute for some complexity and 

heterogeneity. 

 

4.8 Acknowledgements 

 

This part of thesis was published in Bollettino di Geofisica Teorica ed Applicata 

(Ozer & Polat, 2017). This study is granted by DEU (Nr. 2016.KB.FEN.013). Data 

was downloaded from ISC (Thatcham-UK) and AFAD (Ankara-Turkey). We 

appreciate to Ivan Koulakov for his continuous aids during the preparation of the 

paper and providing latest modules of the Local tomography software (LOTOS). We 

are grateful to the Editor, Dario Slejko, for his rigorous and constructive criticisms as 

well as two anonymous reviewers for their critical remarks which helped us to 

improve the paper. All images (except Figure 4.1 and 4.2) are generated using GMT 

(Wessel & Smith, 1998). Calculations were performed in SeismoLab (Seismological 

Laboratory) belongs to the Geophysical Engineering Department of DEU. 

  



77 
 

Kısım 5                                        CHAPTER FIVE 

THREE-DIMENSIONAL SEISMIC VELOCITY STRUCTURE OF THE 

AEGEAN REGION OF TURKEY FROM LOCAL EARTHQUAKE 

TOMOGRAPHY 

 

5.1 Outline 

 

This study brings new insights to elucidate the 3-D seismic velocity structure of 

the Aegean region of Turkey by using Local Earthquake Tomography (LET). Study 

area has remarkable potential for geothermal resources. To provide subsurface 

geological structure of seismogenic layers and geothermal areas, we develop new 

high-resolution depth-cross sections through Buyuk Menderes, Kucuk Menderes and 

Gediz grabens. Travel times of more than 25.000 readings (14.963 P-phase and 

11.969 S-phase picks) from well located 2.085 events which are recorded between 

2007 and 2016 by a permanent seismic network of 75 broad-band seismometers were 

used to precisely interpret the 3-D Vp (lithological) and Vp/Vs (petrological) models 

of the study area. We detected four main layers down to 35-40 km depths with 

different Vp velocities ranging from 3.5 to 8.5 km/s. Mid-crustal interface (Condrad 

discontinuity) is discovered at 15 km depth in nearly all depth-cross sections. Our 

results suggest an average of 25 km Moho depth in the Aegean region Turkey. It is 

ranging from around 18 km beneath SE of Aydin to 29 km beneath Aliaga, and 

approximate values of 19, 25 and 31 km depths beneath Doganbey, Kutahya and 

Selendi-Demirci regions, respectively. The geothermal areas of the studied region are 

imaged by Vp and Vp/Vs anomalies. We propose Aliaga, Denizli, Doganbey and 

Kosk areas as low Vp, low Vp/Vs anomalies which are an indicator of steam, CO2 or 

mixture of them. Low Vp, high Vp/Vs models which suggest geothermal fluids, are 

clearly visible near Buharkent, Gumuskol, Guzelhisar, Kosk, Kuyucak, Saraykoy and 

Suzbeyli region. We also report that Bademler, Candarli, Kalekoy, Karahalli, 

Merdivenli, Ortakoy, Saruhanli, Yelki and Yuntdagikoseler regions might be good 

candidate for new potential geothermal resources. 
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5. 2 Introduction 

 

The Aegean region of Turkey, located at Alpine-Himalayan Belt, exhibits 

extensional regime in north-south direction and this motion created different size of 

east-west trending grabens such as Buyuk Menderes Graben (BMG), Kucuk 

Menderes Graben (KMG) and Gediz Graben (GG). It has been recognized that 

tectonics of the study area are controlled by these grabens. Furthermore, a number of 

secondary strike-slip faults extending generally NE-SW and NW-SE directions 

exhibits active seismic activity and manage the evolution of a few Miocene to recent 

sedimentary basins (Uzel & Sozbilir, 2008; Sozbilir et al., 2011; Uzel et al., 2013).  

 

The Local Earthquake Tomography (LET) is an effective seismological tool to 

identify geological and tectonic structures, geothermal resources, petrological 

properties of rocks, monitoring the volcanoes, etc. (Yang & Shen, 2005; De Matteis 

et al., 2008; Kaypak, 2008; Berger et al., 2011; Hofstetter et al., 2012; Cevikbilen et 

al., 2012; Muksin et al., 2013). Studies on the crustal structure and geothermal 

potential of western Anatolia emphasize that different perspective of the studies are 

still needed in the study area. Therefore we conduct LET to understand crustal 

structure and geothermal potential of the Aegean region of Turkey.   

 

Many studies have been performed to clarify geological, geothermal and tectonic 

features of the region (Bozkurt et al., 1993; Bozkurt, 2001; Gessner et al., 2001a; 

Gemici & Tarcan, 2002; Okay, 2008; Ersoy et al., 2010; Gessner et al., 2013;  Ersoy 

et al., 2014). Furthermore some detailed geophysical studies were also applied in the 

region to enlighten geothermal and graben structures (Ilkisik, 1995; Ates et al., 1999; 

Dolmaz et al., 2005; Drahor & Berge, 2006; Duzgit et al., 2006; Sari & Salk, 2006; 

Bilim, 2007; Pamukcu & Yurdakul, 2008; Polat et al., 2008; Aktug et al., 2009; Isik 

& Senel, 2009; Kaya, 2010; Tufekci et al., 2010; Cifci et al., 2011; Gonenc et al., 

2012; Ekinci et al., 2013; Altinoglu et al., 2014; Gok & Polat, 2014; Pamukcu et al., 

2014; Karakus, 2015; Bilim et al., 2016). Salah et al. (2007) obtained 3-D 

tomographic images of the crust under the south-western part of Turkey by inverting 

a number of arrival time data of P-and S-waves. Mutlu & Karabulut (2011) 
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determine crustal thicknesses as 28 ±2 and 33 ±2 km for the western Anatolia and 

Aegean Sea, respectively. Komut et al. (2012) asserts that the thin Anatolian-Aegean 

lithosphere is being buoyed upwards by underlying mantle flow. The mantle flow 

might be related to active lithosphere delimitation, an operation that could also 

account for the continuing crustal extension. Salaun et al. (2012) focused a low 

velocity zone (80-200 km depth) that reflects a slow and warm asthenosphere 

underlying thin lithosphere. Kaypak & Gokkaya (2012) show 3-D Vp and Vp/Vs 

seismic velocity structure for the upper 20 km of the crust beneath Denizli basin. 

Karabulut et al. (2013) define that the crust-mantle boundary is flat beneath 

Menderes massif at ~25 km depths. Vanacore et al. (2013) claim that high Vp/Vs 

ratio (>1.85) in western Anatolia might be indicative of partial melt in the lower crust 

affiliated with regional extension. Delph et al. (2015) studied S-wave characteristics 

and calculated average crustal shear wave velocity as 3.3-3.5 km/s in the region. 

 

Turkey also exhibits high potential for geothermal resources in Europe. Western 

Turkey, especially, keeps enormous potential for improving geothermal capacity of 

the country. Present geothermal regime which reveals high temperature (120-240 °C) 

is mainly concentrated in the Menderes massif. This huge potential is related with 

faults and heat flows from horst-graben systems (Kose, 2007; Baba & Sozbilir, 2012; 

Parlaktuna et al., 2013; Baba et al., 2014; Erkan, 2015). 

 

We aim to precisely identify the 3-D seismic velocity structure of the Aegean 

region of Turkey down to 40 km by using large earthquake (~25.000) database. This 

paper also brings new interpretations for possible new geothermal areas in the region 

by conducting several profiles crossing BMG, KMG and GG applying the LET 

method for the first time. 

 

5.3 Tectonic, Geological and Geothermal Settings 

 

Some studies show that the E-W trending Miocene basins are bounded by almost 

E-W directional low/high angle normal faults (Figure 5.1; Kocyigit et al., 1999; 

Bozkurt, 2000; Bozkurt & Sozbilir, 2004; Uzel et al., 2012; Bundschuh et al., 2013; 
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Jolivet et al., 2013). The normal faults which have low angle (detachment faults) are 

related to metamorphic core complex, the Menderes Massif, and about E-W and NE-

SW basins symbolise tectonics of the Aegean region of Turkey. Moreover, some 

studies figure out the existence of some NE-SW trending strike slip faults controlling 

the NE-trending Miocene deposition. One of the important areas is Menderes 

Extensional Metamorphic Complex (MEMC). The MEMC is bounded by NE-SW 

strike-slip faults along its western and eastern sides, suggest that the it has not 

comprised domal uplift throughout crustal-scale low-angle extensional detachment 

faults (Cemen et al., 2014; Ersoy et al., 2014). The major E-W grabens and basins 

include the Kucuk and Buyuk Menderes grabens and Gediz graben. The Quaternary 

Gediz Graben is a high-angle normal fault evolved at the northern end of the 

Alasehir detachment basin which contained deformed granodiorite came from deeper 

parts. This progressive uphill replace from the undeformed granadiorite to a brittlely 

deformed detachment surface recommend that extension regime in a ductile 

deformation at depth and the ductilely deformed granitoids were carried to shallower 

depths.  The content of the Alasehir shear zone is mostly consist of mylonitic rock 

such as granodiorite, mafic and felsic dykes. The central Menderes massif is 

separated on the north and the south by the Gediz Graben and Buyuk Menderes 

Graben detachments; respectively, and it breaks into pieces in the middle by the E-W 

trending Kucuk Menderes Graben. North side of the Buyuk Menderes Graben is 

bounded by a steeply dipping major fault which separates the Neogene sediments of 

the graben from the metamorphic sequences of the Menderes massif. These E-W 

trending grabens are bounded by high-angle to moderately dipping normal faults, 

some of which are seismically active (Isik et al., 2003; Ciftci & Bozkurt, 2009a; 

Ciftci & Bozkurt, 2009b; Oner & Dilek, 2011). 

 

The Miocene sediments and the remnants of a late Miocene erosion surfaces 

(Figure 5.1) are flat-lying and parallel to each other, spreading along NE-SW 

direction and sometimes related to basaltic volcanic rocks (Gessner et al., 2013; 

Seghedi et al., 2015). The Miocene volcanic rocks are observed in the Foca, Aliaga, 

Cesme, Ayvalik and surroundings. In the Foca-Aliaga-Izmir area, the Early Miocene 

volcanic rocks of the Yuntdag volcanics overlie the alluvial-fan and fluvio-lacustrine 
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sedimentary units of the lower sedimentary succession. The Early-Middle Miocene 

sedimentation was controlled by NE-SW and NW-SE-striking strike-slip faults 

(Karacik et al., 2007; Altunkaynak et al., 2010; Ozkaymak et al., 2013). The NE-

SW-trending zone of deformation along the western margin of the Menderes Core 

Complex is called the Izmir-Balikesir Transfer Zone. The Izmir-Balikesir Transfer 

Zone symbolizes the NE extension into west Turkey of a NE-SW trending shear zone 

(Erkul et al., 2005; Uzel & Sozbilir, 2008; Ersoy et al., 2012; Emre et al., 2013). 

Early middle Miocene granitoids might define that both varying degrees of crustal 

contamination of mafic magmas and/or different compositions of the overlying crust 

were in part responsible for the geochemical differences between granitoid suites. 

Lycian molasse deposits which are Oligocene age are plentiful, however in western 

Anatolia they advanced in the late Miocene and the beds are thin and not very 

plentiful. Ophiolitic rocks are shown by the dismembered and tectonically mixed. 

These tectonic units were juxtaposed with each other as a consequence of the 

collision between the Sakarya continent to the north and the Anatolide-Tauride 

Platform to the south during the late Cretaceous-Paleocene (Gurer & Gurer, 1999; 

Altunkaynak et al., 2012). The Miocene age Bornova Flysch zone (BFZ) is described 

olistostrome-melange belt, lying between Sakarya zone and Menderes Metamorfic 

Core Complex, as a part of the Izmir-Ankara Tethyan suture. It contains limestones, 

serpentinites and submarine ophiolitic mafic volcanic rocks. The Cycladic zone, 

which consists mica schists, marbles, cherts, and metavolcanic rocks, illustrates 

Eocene high pressure metamorphism (Okay & Altiner, 2007; Okay, 2008; Sozbilir et 

al., 2011). The Afyon zone and the Lycian nappes consist structurally under the 

ophiolitic parts of the Izmir-Ankara parts of which might form remains of a separate, 

continuous Anatolian ophiolite nappe. The Lycian nappes were transferred from N to 

S throughout Eocene-Oligocene like part of Afyon zone. Menderes metamorphic 

massif which is a major metamorphic complex in western Turkey cover in the south 

by the Lycian nappes and in the northwest is by the Bornova Flysch Zone (Okay & 

Tuysuz, 1999; Pourteau et al., 2010; Gessner et al., 2013). Menderes metamorphic 

massif transports imprints of Precambrian and Eocene metamorphic and 

deformational events. Eocene high pressure metamorphism manages the Cycladic 

metamorphic complex formed micaschists, gneiss and minor granulite. Sakarya Zone 
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indicates shale, conglomerate and sandstone, volcanoclastic with the sandstones 

rocks are characterised the eastern part. The clastic and volcanoclastic material can 

be traced along the Sakarya zone (Sengor, 1984; Altiner et al., 1991; Bozkurt & 

Oberhansli, 2001; Okay, 2008; Akbas et al., 2016). 

 

 

Figure 5.1 Geological map and main tectonic units of the Aegean region of Turkey (compiled from 

Kaypak & Gokkaya, 2012; Emre et al., 2013; Seghedi et al., 2015; Erkan, 2015). Geothermal sources 

are given at Table 5.1 in detail (IFZ: Izmir fault zone) 

 

Geothermal exploration in the region has been conducted since 1960’s by mostly 

the General Directorate of Mineral Research and Exploration (MTA). Main 

geothermal sites in the Aegean region of Turkey are linked with surface waters such 

as Kizildere (242 °C), Germencik (232 °C), Alasehir (213 °C) and Salavatli (172 °C) 

areas. They are mostly located through the graben systems and main fault systems 

such as Buyuk Menderes Graben, Kucuk Menderes Graben, Gediz Graben, Orhanli 

Fault Zone, Gulbahce Fault Zone and Denizli fault zone. There are several main 

geothermal studies conduct to understand of geothermal capacity of Aegean region 

using different method. Important geothermal areas (Table 5.1) of the study region 

have been compiled from different studies (Basel et al., 2009; Serpen et al., 2009; 

Erkan, 2015; Kiyak et al., 2015).   
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5.4 Data, Algorithm and Checkerboard Test 

 

We supply a database containing phase readings available from AFAD 

(Earthquake Department of the Disaster and Emergency Management Authority) for 

the earthquakes locating in the study area between 2007 and 2016. More than 25.000 

earthquakes have been used for tomographic calculation (Figure 5.2). We mainly 

detect that earthquake depth distribution concentrates in the first 25 km of the earth 

crust. But in rare cases some earthquakes locate down to 50 km. We perform two 

selection criteria to improve data quality. First one is total of P-and S picks which 

must be larger or equal to 15. The other one is the limitation of residuals which 

should be less than 0.15 s and 0.25 s for P-and S waves; respectively. P-and S-phases 

were selected in an admissible correctness for inversion procedure (Table 5.2). The 

final data set comprises 14.963 P-and 11.969 S-arrivals from 2085 local events 

recorded by 75 stations (Figure 5.3). The digital seismic stations consist three-

component broadband recorders.  

 

Velocity models (1-D and 3-D) and earthquake locations were defined using the 

LOTOS (Koulakov, 2009) code which is freely available. It uses grid search method 

to determine the source coordinates and origin times. The main aim is to obtain a 

maximum goal function (GF) in the 3-D space. The GF shows the probability of a 

source location in existing catalogue (Koulakov & Sobolev, 2006). The computation 

starts with initial earthquake locations in a 1-D velocity model at a preliminary step 

(Koulakov et al., 2010). This option makes initial location stage comparatively 

balanced and fast. Earthquake locations vary iteratively with the optimization stage 

in the 1-D model (Table 5.3) based on matrix inversion for Vp & Vs velocities, 

earthquake coordinates and origin times. 
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Figure 5.2 Locations of all 25.000 earthquakes (hand-picked, M≥2.0) recorded between 2007 and 

2016 for the study area. Stations, geothermal sources and event distributions are represented by filled 

triangles, stars and circles, respectively. Dashed lines show fault traces (digitized after Emre et al., 

2013). Earthquakes generally concentrate in the first 35 km depths of the earth crust as clearly visible 

from vertical/horizontal depth cross-sections and histogram plot which denotes number of earthquakes 

versus depth 

 

 

Figure 5.3 Locations of well located 2.085 earthquakes used in the present study.Study area is well 

covered by recorded earthquakes and station distributions. We selected 6 profiles (thick solid lines). 3 

of them (profiles 1, 2, 3) were chosen to bring new interpretations for potential geothermal resources 

along Buyuk Menderes, Kucuk Menderes and Gediz Grabens. And the last 3 slices cross horst and 

graben systems oriented N-S direction to reveal seismic velocity structure of the study area 
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After conducting initial location, major tomographic process optimizes 1-D model 

in the first iteration and then relocates the seismic 3-D velocity model by iterating 

next models. For this case, several grid orientations (e.g., 0°, 22°, 45°, 67°) increase 

quality of the selected grid configuration on the tomographic calculations. The code 

uses LSQR method (Paige & Saunders, 1982) to conduct matrix inversion for P-, S-

and source parameters (dx, dy, dz, dt). Additionally, two matrix blocks control the 

amplitude and smoothness of solution which is affected directly the results. These 

parameters and other free parameters are determined using synthetic modelling tests. 

 

Table 5.1 Major geothermal areas in Aegean region of Turkey (Serpen et al., 2009; Kaypak & 

Gokkaya, 2012; Erkan, 2015) 

Area 
Latitude 

(°E) 

Longitude 

(°N) 
Province 

Temperature 

(°C) 

Germencik 37.88337 27.66153 Aydin 232 

Kargili 37.58770 27.99210 Aydin 27 

Ortakci 37.97000 28.72000 Aydin 28 

Tekeler 37.54060 27.77990 Aydin 21 

Alacaatli 39.25340 28.04880 Balikesir 25 

Bulutlucesme 39.28510 26.84920 Balikesir 29 

Pursunler 39.22700 28.20170 Balikesir 25 

Golemezli 38.00100 29.01539 Denizli 70 

Karahayit 37.96540 29.10271 Denizli 70 

Kizildere 37.95000 28.84306 Denizli 242 

Pamukkale 37.91837 29.10990 Denizli 35 

Saraykoy 37.92463 28.92287 Denizli 145 

Yenice 37.81060 28.92107 Denizli 55 

Bademli 38.05000 28.07920 Izmir 21 

Balcova 38.38884 27.03517 Izmir 118 

Ciftlikkoy 38.28790 26.27960 Izmir 50 

Haliller 38.18830 28.29600 Izmir 29 

Ilica 38.81370 26.91292 Izmir 50 

Menemen 38.66000 26.98700 Izmir 56 

Ovacik 38.28980 26.75990 Izmir 38 

Seferihisar 38.12230 26.91024 Izmir 58 

Seyrek 38.55000 26.91730 Izmir 52 

Urla 38.34670 26.64101 Izmir 80 

Yenmis 38.45970 27.41720 Izmir 35 

Yusufdere 38.21720 27.83960 Izmir 39 
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Table 5.1 continues 

Y. Kiriklar 39.23150 27.25490 Izmir 49 

Zeytineli 38.19170 26.52500 Izmir 33 

Esatlar 39.34390 29.60160 Kutahya 47 

Gumuskoy 39.48820 29.76270 Kutahya 35 

Koprucek 39.36600 29.33490 Kutahya 27 

Simav 39.09023 28.97880 Kutahya 100 

Alahidir 38.50000 27.89740 Manisa 37 

Alasehir 38.38380 28.51650 Manisa 213 

Azimli 38.77740 27.60730 Manisa 33 

Boyali 38.83380 28.14180 Manisa 41 

Cataloluk 38.89430 28.49070 Manisa 25 

Ibrahimaga 38.62840 28.67840 Manisa 56 

Kizilavlu 38.56490 28.34040 Manisa 53 

K. Belen 38.75000 27.25830 Manisa 58 

Salihli 38.48686 28.13815 Manisa 80 

Balabanci 38.36180 28.91490 Usak 38 

Gumuskol 38.46270 29.16570 Usak 52 

Karakuyu 38.76800 29.11160 Usak 56 

Karlik 38.70010 29.59540 Usak 42 

Salmanlar 38.56000 29.57000 Usak 52 
 

Table 5.2 RMS (s) values of the P- and S-wave residuals after six iterations for Vp and Vs inversion 

procedures 

Iteration RMS P (s) RMS S (s) Reduction P (%) Reduction S (%) 

1 0.27 0.45 0.00 0.00 

2 0.24 0.29 12.45 35.45 

3 0.22 0.26 18.66 41.32 

4 0.21 0.25 22.09 44.25 

5 0.18 0.24 39.77 45.74 

6 0.15 0.24 51.90 46.62 

 

The synthetic travel times are calculated for the identical earthquake location and 

seismic station pairs. The real source location corresponds to the solution is acquired 

after six iterations of real data solution. Noise is added to the synthetic data in 

disturbing real readings. Once synthetic travel time is calculated, we forgot velocity 

model and earthquake location information. Then the code reconstructs the final 

earthquake location using same process steps and inversion parameters as in the form 

of real data analysis (Figure 5.4).  
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Figure 5.4 Periodic negative (blue colour) and positive (red colour) P- wave anomalies display ±10% 

velocity perturbations: 50, 30, 20 and 10 km box sizes for Model 1, 2, 3 and 4, respectively, with 5 km 

empty space. Input for each model was given at the top of each column. Synthetic (checkerboard) tests 

are applied to calculate the spatial resolution and to predict the optimal values of inversion parameters 

down to 40 km depth layers. Thick solid lines represent profiles 
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Table 5.3 The starting 1D Vp velocity model used in the tomographic inversion 

 

 

 

 

 

 

 

 

 

 

 

 

To calculate impact of noise and inversion parameters on the resolution in the 

study area, we conducted checkerboard tests using different size of anomaly shape. 

Periodical negative and positive anomalies (±10) of different size were described for 

four different test models.  The size of anomalies with 5 km empty spacing in Model 

1, 2, 3 and 4 were 50×50, 30×30, 20×20 and 10×10 km; respectively. 0.15 s and 0.30 

s random noises were added for P-and S-travel times, respectively. It is important to 

note that the resolved areas continue down to 30 km depth. Resolution decrease 

when the box sizes are getting smaller towards deeper parts. Accorting to 

checkerboard test results, it is not resolved velocity anomalies smaller than 20 km 

(Figure 5.4). 

 

5.5 Tomography Results 

 

We have taken six Vp and Vp/Vs cross-sections (Figure 5.3) through vertical 

profiles which are almost parallel and perpendicular to each other in revealing crustal 

velocity structures of the Aegean region of Turkey. The accuracy of the tomography 

produced from the 3-D seismic velocity model, is shown with travel time residuals 

(RMS). They decreased %51.90 from 0.27 s to 0.15 s for P-wave and %46.62 from 

0.45 s to 0.24 s for primary 1-D model (Table 5.2). The absolute Vp values and 

Vp/Vs ratios usually refer to lithological and petrological features, respectively. The 

Depth 

(km) 

Vp 

(km/s) 

-2.0 3.1 

2.0 4.2 

10.0 4.7 

12.0 6.2 

18.0 6.5 

25.0 7.5 

30.0 

50.0 

7.7 

8.5 
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Vp ranges from 3.5 to 8.5 km/s, and the Vp/Vs are changes between 1.5 and 2. Four 

main seismic layers have been precisely detected down to 30 km. These are upper 

(~0-8 km), middle (~8-15 km), lower (~15-30 km) crustal and brittle layers (>30 

km). The tomographic results identify that the main Moho discontinuity lies around 

~29 km depths. 

 

5.5.1 Low Vp Anomalies (<4.5 km/s) 

 

Low Vp anomalies (<4.5 km/s) are mainly detected in the upper crust. A good 

agreement is traceable between seismic velocity cross-sections (profiles 1-6) and 

geological features (Figure 5.1). Previous studies generally report 4 km sedimentary 

thickness and 4 km/s P-wave velocities from different geophysical investigations 

(Duzgit et al., 2006; Sari & Salk, 2006; Bilim, 2007; Pamukcu & Yurdakul, 2008; 

Isik & Senel, 2009; Kaya, 2010; Cifci et al., 2011; Gonenc et al., 2012; Kaypak & 

Gokkaya, 2012; Pamukcu et al., 2014). Our study also reports similar depth and 

velocity changes especially along the BMG by exhibiting low velocity values and 

shallow sedimentary depths (Figure 5.5, profile 4). It is evident that some geothermal 

areas located near Buharkent, Germencik and Salavatli regions, reduce seismic 

velocities in the first seismic layer through the active fault surface in the deformation 

places (Cifci et al., 2011). Similarly, we have observed low Vp anomalies along 

profiles 2, 3, 4, 6, at detachment fault (e.g., Figure 5.5), and at edges of the basin 

formed by the IFZ (profile 1, Figure 5.5). 

 

5.5.2 High Vp Anomalies (>6.5 km/s) 

 

High P-wave velocities (>6.5 km/s) detected in the upper crustal layer might be 

associated with geological features observed in shallow depths (Masson et al., 2000). 

Whether the high P-velocities are clearly associated with Menderes massif around 

profile 2A, they represent Miocene volcanics towards profile 2B. Some high Vp 

values are also computed close to the surface along profiles 2, 3, 5 and 6 in Figure 

5.5. Another clear high Vp zone surrounded by low Vp anomalies beneath Soke-

Germencik is also visible between 3-15 km depths in profile 4A.  
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Figure 5.5 Depth cross-sections of absolute P-wave velocity models which indicate lithological 

features of the sub-structure. Well resolved low (<4.5 km/s) and high (>6.5 km/s) velocities which are 

ranging from 3.5 to 8.5 km/s, are observed down to 30 km depths. Dashed thick lines indicate 

observed Moho discontinuity. Stars represent discovered geothermal areas. Abbreviations: BMG: 

Buyuk Menderes Graben, KMG: Kucuk Menderes Graben, GG: Gediz Graben 
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It could represent cycladic zone which consists marbles, metavolcanic rocks by 

indicating Eocene metamorphism. All these type of velocities could be explained, in 

general, substantial magmatic materials apart from the deeper depths to the near 

surface. Kaypak & Gokkaya (2012) has also reported similar observation for Denizli 

case in the Aegean region of Turkey, and interpreted this feature with paleotectonic 

blocks. Some tomograms are also traceable towards deep edge of the basin near the 

same area (Denizli) as seen from profiles 3 and 4 (Figure 5.5). The Moho 

discontinuity, where high Vp values greater or equal to 6.8 km/s, is detected at ~29 

km depths (dashed black line in Figure 5.5) as undulated shape, and this feature is 

coherent with previous studies (e.g.; Bilim, 2007; Kaya, 2010; Cifci et al., 2011; 

Vanacore et al., 2013; Karabulut et al., 2013; Bilim et al., 2016). 

 

5.5.3 Low Vp, Low Vp/Vs Anomalies (Vp <4.5 km/s, Vp/Vs <1.65) 

 

Most studies explain that this type of anomalies may indicate gas dominated rock. 

And this gas might be made of steam, CO2 or mixture of them as a result of 

magmatic events. The CO2 arising from the decomposition of carbonate rocks as an 

outcome of the thermo-metamorphic or hydrolysis reaction in the marbles and 

limestone (Hauksson, 2000; Kaypak & Gokkaya, 2012). It therefore seems 

reasonable to guess that this type of anomalies could be also an indicator of 

geothermal areas. In the present study, low Vp (<4.5 km/s) and low Vp/Vs (1.65) 

models are well correlated with geological structures and petrological characteristics 

of the region. We identified low P-velocities and low Vp/Vs values at almost all 

cross-sections in Figure 5.5 and 5.6. In profile 1; we detect very low Vp and Vp/Vs 

values near Doganbey geothermal region (beginning of the profile) down to 6 km, in 

Menemen geothermal area (middle of the profile) down to 7 km, and at the S of 

Aliaga geothermal region down to 5 km. In profile 2; the Kosk geothermal area 

located at the bound of BMG is notably harmonious with these anomalies. The SW 

of Bigadic exhibits normal to low velocities which indicate gas content. The 

beginning of the profile 3 illustrates the releasing of CO2 apart from magmatic 

material and low Vp, low Vp/Vs are especially traceable near the Denizli down to 8-

10 km as also reported by Kaypak and Gokkaya (2012).  
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Figure 5.6 Depth cross-sections of Vp/Vs models which denote petrological characteristics of the 

study area. Well resolved ratio values are changing between low (<1.65) and high (>1.85) values 

down to 30 km depth layers. Interpretations of low or high Vp/Vs ratios together with P-wave 



93 
 

velocities of sub-crustal structures are discussed in detail in the text. White areas indicate unresolved 

part because of lack of S- arrival times 

 

The low Vp/Vs sections located near 29
o
E, 38

o
N (see; profiles 3A, 4B, 5B, 6B in 

Figure 5.6) clearly reveal enormous geothermal energy capacity of the Denizli 

region. Doganbey and Seferihisar areas demonstrate low P-velocities and low Vp/Vs 

rations at the beginning of the profile 1 (Figure 5.6). We also described low P-

velocity and normal-to-low Vp/Vs values near the periphery of Alasehir and Kula 

(profile 6, Figure 5.5 and 5.6) overlain mostly the GG. 

 

5.5.4 Low Vp, High Vp/Vs Anomalies (Vp <4.5 km/s, Vp/Vs >1.85) 

 

These types of anomalies are indicator of geothermal liquid. Source of high 

Vp/Vs (>1.85) values are related to reduced S-wave velocities and evaluated as 

saturated, extremely fractured and huge liquid pressure. Accordingly, these 

anomalies might be associated with geothermal liquid (Hauksson, 2000). In profile 1 

of Figure 5.5 and 5.6, large scale low Vp and high Vp/Vs values can be followed 

along Suzbeyli (SW of the Menemen), Guzelhisar (SE part of the Aliaga) and 

Kizilcukur (Dikili) regions reported as rich geothermal resources (Erkan, 2015). 

Besides we explore some new resources at Candarli and Merdivenli regions located 

on Karadag extinct volcano, Bademler and Yelki areas.  

 

The pipe type anomalies going down to several kilometers, might be an indicator 

of new geothermal resource. But additional detailed investigations need to be 

performed in the periphery of those areas. The high Vp/Vs ratio verified the opinion 

of saturated and extremely fractured zone through the margin of BMG (N of Kosk 

area) in profile 2, Figure 5.6. Other high Vp/Vs values are also detectable down to 12 

km between Akhisar and Sindirgi (profile 2) indicating ophiolitic rocks, water-

saturated cracks and geothermal liquid. In profile 3; Gumuskol geothermal area 

located on Miocene volcanics display high Vp/Vs values by revealing the presence 

of liquid or liquid pressure down to deeper parts. The Hamamdere region located 20 

km far from Gumuskol may show volcanic units down to several kilometers. The NE 

of Simav area, formed by Lycian nappes, has hot geothermal liquid (100 °C) by 
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showing low Vp, high Vp/Vs values. The result presents huge geothermal capacity of 

Simav region as clearly seen from the end of profile 3 (Figure 5.5 and 5.6). Profiles 

4, 5, and 6 are specifically designed to investigate geothermal features of Menderes 

Massif which consists of BMG, KMG and GG. The BMG which is formed by 

normal fault systems contains many geothermal resources located between Aydin 

and Denizli areas. We detect that top layer of sedimentary units, which is represented 

by lowest P-velocities (<4.5 km/s), lie down to 3 km except W of Guzelhisar-2 and 

Kosk areas, where thicknesses are present much deeper (profile 4, Figure 5.5). Some 

studies report thickness of top sedimentary layer as 3.9 km at maximum (Isik & 

Senel, 2009; Baba & Sozbilir, 2012). In profile 4 of Vp and Vp/Vs, some geothermal 

areas (e.g.; Germencik, Kuyucak, Kosk, Buharkent, Saraykoy) are characterized by 

low Vp, high Vp/Vs values through BMG. The KMG has graben geometry with 80 

km long and 10 km wide. Basement of KMG are formed pre-Miocene age 

metamorphic rocks and contain andesitic and basaltic rocks. Several hot spots occur 

near Bayindir and Odemis in KMG. We report low P-wave velocities and high 

Vp/Vs ratios in most regions (e.g.; Alasehir, Karahayit, Salihli, Sarigol) of the KMG 

except Doganbey, Seferihisar and W of Sapcilar (profile 5, Figure 5.5 and 5.6). As 

another important basin, the GG has 140 km long and 40 km wide. It comprises 

quaternary alkaline volcanism in northern part down to 3 km by exhibiting high heat-

flow values (Dolmaz et al., 2005). Normal faults also control the GG which consists 

of gneiss, marble, schist and Menderes core complex. Highest temperatures near 

Alasehir (215 °C) and Salihli (287 °C) grabens are observed in alkaline thermal 

waters. Karahayit area contains different type of rocks (e.g.; marble, schist, quartzite) 

located between BMG and GG near the Denizli province. This geothermal water 

probably dominated by a mixture of cold waters, mineral dissolution and saturation 

reactions. Added to graben systems, we also report that horsts in the GG are also 

good candidate for geothermal resources by exhibiting low Vp, high Vp/Vs near 

Kursunlu, Caferbey and Urganli (85 °C) area (profile 6, Figure 5.6). Surface 

temperatures are reported in hot springs from 50
o
 to 150

o
C. We report Candarli, 

Yuntdagikoseler, N of Kalekoy, Saruhanli and Sarigol as new possible geothermal 

resources by exhibiting low Vp, high Vp/Vs values. But we also recommend that 

these areas should be investigated by other geophysical studies in detail. 
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5.5.5 High Vp, High Vp/Vs Anomalies (Vp >6.5 km/s, Vp/Vs >1.85) 

 

These type of anomalies are observed especially deeper layers in some cross-

sections. Hauksson (2000) asserted that logical explanation of high Vp and high 

Vp/Vs at deeper parts are related with the existence of mafic rock like gabbroic 

intrusion instead of presence of liquid. W of Cine (profile 2), N and S part of Simav 

(profile 3), N of Soke (profile 4), and SW of Sarigol (profile 5) could indicate 

magmatic rocks at deeper parts of above cross-sections (Figure 5.5 and 5.6). 

 

5.6 Moho Depth 

 

The Moho depth of the study area is reported between 25 and 35 km depths in 

various studies (e.g.; Kaya, 2010; Tezel et al., 2010; Mutlu & Karabulut, 2011; 

Kaypak & Gokkaya, 2012; Karabulut et al., 2013; Vanacore et al., 2013). Some 

studies observe an increase in P-wave velocities between 6.5 and 7.2 km/s at Moho 

discontinuity (Hauksson, 2000; Cambaz & Karabulut, 2010; Salaun et al., 2012; 

Vanacore et al., 2013; Cevikbilen et al., 2014; Delph et al., 2015). We computed P-

wave velocity as 6.8 km/s in an average of 25 km Moho depth from almost all depth-

cross sections (Figure 5.5). Our tomographic model reveals that the Moho depth is 

ranging from 20 km to 30 km. The lowest values of Moho depth are generally 

observed beneath geothermal area (Figure 5.7). Shallow Moho depth distributions 

(15-20 km) are observed beneath the western part of Aydin, SW of Izmir and SW of 

Kutahya (S1, S2, S3, respectively, in Figure 5.7). Several geothermal reservoirs 

exhibiting high temperature are located around these areas. We think that these 

blocks are related to magmatism and the magma material transport from deeper 

depths to surface parts (Gessner et al., 2013; Ersoy et al., 2014; Seghedi et al., 2015; 

Uzel et al., 2015). Deep Moho anomalies (30-35 km) are located near Aliaga, W and 

S of Usak areas (D1, D2, D3, respectively, in Figure 5.7). Aliaga region exhibits 

many hot spots and this finding can be explained by the presence of Miocene age 

volcanic units (Gessner et al., 2013; Ersoy et al., 2014; Seghedi et al., 2015). D2 and 

D3 anomalies are considered as thick crustal structure in the higher topographic 

elevation. It is acceptable that we have not been observed any magma contact or 
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another magmatic activity at D2 and D3 anomalies in depth cross-sections. 

Conversely, the brittle zone (Vp<6.8 km/s) is comparably thicker than other regions, 

and ductile zone (Vp>6.8 km/s) almost starts below 30-35 km depths (Figure 5.7). 

 

 

Figure 5.7 Distribution of Moho depths for equal or greater than 6.8 km/s reference P-wave velocity. 

D1, D2 and D3 contours show increase in Moho depth layers while S1, S2 and S3 present decreased 

depths (or intrusive bodies) towards shallower parts. D3 is not well represented by a clear contour due 

to the weak data coverage. Result suggests an average of 25 km Moho depth and it ranges between 19 

and 31 km depths beneath the study area 

 

It should be clearly stated, some geophysical studies like microgravity and 

magnetic conducted through grabens and mountainous areas, are in line with the 

present velocity values acquired in the frame of this study. Ates et al. (1999) 

conducted gravity and magnetic method and obtained gravity values decreasing 

gradually from West to East. These results are clearly fitting our results. Pamukcu & 

Yurdakul (2008) remark that crust-mantle interface values prove shallow depth at 

S1-S2 area and deeper depth in D2-D3 region. Gonenc et al. (2012) point out that 
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Bouguer gravity anomaly map show positive anomaly at S1 and S2 region, while 

negative anomalies are observed at D1-D2 and D3 areas of this study. Bilim et al. 

(2016) report the positive residual aeromagnetic anomaly which is exactly matched 

with S2 and S3 areas in our study. Their Curie point depths have also good harmony 

with our findings especially for S1 and S2 Moho depths (e.g.: Aydin and SW of 

Izmir). 

 

5.7 Conclusions 

 

This study is a first attempt to perform LET algorithm to develop the 3-D seismic 

velocity structure of the Aegean region of Turkey down to ~35-40 km depths. This 

research also brings important features for present geothermal resources and some 

new potential/target reservoirs which are not drilled yet. The results are obtained 

using more than 25.000 earthquakes recorded by 75 seismic stations operated by the 

Disaster and Emergency Management Authority (AFAD, Ankara). We have 

generated six depth-cross sections (Vp and Vp/Vs) along E-W and N-S directions in 

the study area to precisely illustrate velocity characteristics beneath grabens. We 

have identified four main crustal layers based on P-wave seismic velocity anomalies, 

which range from 3.5 to 8.5 km/s. The checkerboard tests indicate good resolution 

down to 40 km. Features deeper than 40 km depths are not well-calculated due to the 

insufficient or shallow depths of earthquakes. The lowest Vp velocity (<3.5 km/s) in 

shallow areas (<3-5 km) are identified as quaternary alluvium. Furthermore, we used 

Vp/Vs ratio to interpret petrological features such as geothermal gas, fluid contents 

beneath present or potential geothermal areas. While the gas-filled or gas saturated 

zones could usually be represented by low Vp and low Vp/Vs anomalies, the low Vp 

and high Vp/Vs values may indicate high fluid contents through the fault zone. The 

high Vp/Vs ratio (>1.85) may indicate fluid contact at shallower depths. We report 

some intrusive and dense magmatic rocks with high Vp values (Vp > 6.5 km/s) at 

shallower depths (e.g.; Bademler, Candarli, Karahalli, Kalekoy, Merdivenli, Ortakoy, 

Saruhanli, Yelki and Yuntdagikoseler). These locations may indicate new resources 

for geothermal fluid reservoirs. Added to these; Aliaga, Denizli and its surroundings, 

Doganbey and Kosk areas could be potential source for CO2, another gas or mixture 
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of them. This study reports seismogenic depth to be between 0 to 15 km, and 

Condrad discontinuity is located at around 15 km depth. Average Moho depth is 

computed around 25 km in the study area. We observed that it changes between 20 

km and 30 km depths beneath horst and graben structures. 
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Kısım 6                                          CHAPTER SIX 

CONLUSIONS 

 

In this thesis, high quality earthquake data recorded by IzmirNET, ISC and AFAD 

for Izmir and Aegean region were analyzed in order to reveal velocity structures and 

geothermal potentials. The LET technique was used to investigate the crustal features 

and geothermal settings based on the Vp, Vs and Vp/Vs models in study areas. These 

models provide detailed knowledge for fault systems, geological and geothermal 

structures. The obtained seismic velocity structure and Vp/Vs ratio are in line with 

previous geophysical studies conducted beneath Izmir and Aegean region and show 

more detailed information about crustal structures and geothermal capacity of the 

study areas. 

 

Although the local seismic network, IzmirNET, is not planned for a LET study, 

travel time readings for tomographic prospecting were sufficient to generate a stable 

inversion, on the basis of detailed synthetic tests. Izmir and surroundings are 

seismically active regions, however most of earthquakes occurred at shallower 

depths, so the phases are generally the direct arrivals (Pg, Sg), this enforces the area 

appropriate to study by the LET technique. Vp, Vs and Vp/Vs models obtained from 

the LET study in Izmir and surroundings present crustal structure and lithological 

information. They also provide significant knowledge about geothermal 

characteristics beneath different depth-cross sections in the periphery of Izmir. 

Aliaga, Seferihisar and Urla areas are mainly characterized by low Vp and low 

Vp/Vs. The gas-filled porosity mainly results in low Vp, low Vs velocities and low 

Vp/Vs anomalies as they can be observable beneath Izmir and surroundings. The 

high Vp/Vs, low Vp indicating high fluid content beneath Menemen area. The 

Balcova region presents complex Vp/Vs values down to 15 km offering different 

petrological layers. Seismic velocity values changing from 0 to 30 km represent 

different depth layers. Upper crust offers Neogene sediments and Quaternary alluvial 

units presenting low velocity values. The middle layer shows diverse velocity values 

indicating existence of gabbro and other lithospheric crystalline rocks. A clear 

increase in velocities is obvious at lower crustal layer representing Bornova flysch 
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zone. Intrusive type crust-mantle discontinuity is observable at approximately 25 km 

depth. 

 

This study presents the first attempt to conduct the LET algorithm in the Aegean 

region of Turkey and sheds light to 3-D seismic velocity structure down to ~40 km 

depth. In addition, it also shows characteristic features for existing and potential 

geothermal resources. Based on variety of synthetic tests, data distribution is able to 

obtain 3-D crustal structure beneath different depth-cross sections aligned on grabens 

mostly. Six depth-cross sections for Vp and Vp/Vs throughout E-W and N-S 

directions in the Aegean region of Turkey present velocity features beneath Buyuk 

Menderes, Kucuk Menderes and Gediz grabens. We diagnosed four main seismic 

layers after investigating velocity anomalies. P-wave seismic velocities range from 

3.5 to 8.5 km/s. The lowest Vp velocity (<3.5 km/s) in shallow areas (<3-5 km) are 

associated with the Quaternary alluvium. High Vp values (Vp>6.5 km/s observed in 

Bademler, Candarli, Karahalli, Kalekoy, Merdivenli, Ortakoy, Saruhanli, Yelki and 

Yuntdagikoseler are related with intrusive magmatic rocks at shallower depths. Also; 

Aliaga, Denizli, Doganbey and Kosk regions can be evaluated as potential source for 

CO2, another gas or mixture. Seismogenic depth ranges from surface down to 15 km, 

and Condrad discontinuity is detectable in 15 km depth layer. Moho depth is 

computed around 25 km in the Aegean region of Turkey, and it varies between 20 

and 30 km layers beneath horst and graben structures.  

 

Additional geophysical methods such as magnetotellurics and/or ambient noise 

tomography, would result in better accuracy, if joint inversion can be applied in 

geothermal area, including the LET algorithm. The LET technique may specifically 

bring more details down to 5 km beneath existing geothermal reservoirs or 

potential/target geothermal areas which will be exploited in the future. 
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