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ABSTRACT 

 

 

 

ANALYSIS OF CRUST AND MANTLE STRUCTURE ACROSS TURKEY 
USING PASSIVE SEISMIC DATA 

 
 

Abgarmi, Bizhan 
Ph.D., Department of Geological engineering 
Supervisor: Assist. Prof. Dr. A. Arda Özacar 

 
 

January 2019, 121 pages 

 

Anatolia is one of the most tectonically active regions in the world which is 

amalgamation of different terranes and structures. This region has a complextectonic 

evolution which includes various stages of subduction and collision. This complexity 

demands more detailed observations of the crust and upper mantle to generate a 

comprehensive geodynamic model.  However, the knowledge related to crust and 

mantle structure beneath Anatolia is still very limited so the fates of the structures in 

deeper interiors are enigmatic. During the last decade, the number of broadband 

seismic stations operating in Turkey has been expanded significantly which provides 

a unique opportunity to analyze the crust and mantle in detail. Recently, additional 

temporary broadband stations are deployed with our collaboration across central 

Turkey in the scope of an international project funded by National Science 

Foundation (NSF). In this study, we analyzed the broadband seismic data recorded 

during earthquakes by national networks and recently deployed temporary stations 

including the CAT and also the NAF experiments. Our aim is to image the inner 

structure of crust and upper mantle, detect thicknesses of the crust and analyze the 

multi-layered seismic anisotropy along crust and upper mantle. At the end, our 

results are interpreted and modeled along with previous geological and geophysical 
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data to identify the factors controlling the tectonic settings and test plausible 

geodynamic models. 

 

Keywords: Anatolia, Receiver Function, ShearWave Splitting. 
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ÖZ 

 
 
 

PASĐF SĐSMĐK VERĐLER KULLANILARAK TÜRKĐYE BOYUNCA 
YERKABUĞU VE MANTONUN ANALĐZĐ 

 
 

Abgarmi,Bizhan  
Doktora, Jeoloji Mühendisliği 

Tez Yöneticisi:Ydoç. Prof. Dr. A.Arda Özacar 
 
 

Ocak 2019, 121 sayfa 

 

Anadolu, farklı blokların ve yapıların birleşmesinden meydana gelen dünyanın 

tektonik olarak en aktif bölgelerden biridir. Bölge farklı dalma ve çarpışma aşamaları 

içeren karmaşık bir tektonik evrime sahiptir. Bu karmaşıklık, kapsamlı bir 

jeodinamik model oluşturmak için kabuk ve üst mantoda daha ayrıntılı gözlemler 

yapılmasını gerektirir. Ancak, Anadolu'nun altındaki kabuk ve manto yapısıyla ilgili 

bilgi halen çok sınırlıdır ve bu nedenle yapıların daha derin iç kısımlarındaki kaderi 

gizemini korumaktadır. Son on yılda, Türkiye'de faaliyet gösteren geniş bantlı sismik 

istasyonların sayısı önemli ölçüde genişlemiştir ki bu da kabuk ve mantoyu detaylı 

bir şekilde analiz etmek için eşsiz bir fırsat sunmaktadır. Yakın zamanda, Ulusal 

Bilim Vakfı (NSF) tarafından finanse edilen uluslararası bir proje kapsamında, 

Türkiye genelindeki işbirliğimizle ek geçici geniş bant istasyonları 

konuşlandırılmıştır. Bu çalışmada, ulusal ağlar ve yakın zamanlarda CAT ve NAF 

deneyleri kapsamında kurulan geçici istasyonlar tarafından kaydedilen geniş bant 

sismik deprem verileri kullanılmıştır. Amacımız, kabuk ve üst mantonun iç yapısını 

görüntülemek, kabuki kalınlıklarını belirlemek ve kabuk ve üst manto boyunca çok 

katmanlı sismik anizotropi analizi gerçekleştirmektir. Sonunda, elde edilen sonuçlar, 

tektonik ortamları kontrol eden faktörleri tanımlamak ve uygun jeodinamik modelleri 

test etmek için önceki jeolojik ve jeofiziksel verilerle birlikte yorumlanmakta ve 

modellenmektedir. 



viii 
 

 

Anahtar Kelimeler: Anadolu, Alıcı Fonksiyon, Kesme Dalga Ayrımlanması 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To My Family 

 

 

 

 

 

 

 

 

 

 

 



x 
 

ACKNOWLEDGMENTS 

 

 

 

The author wishes to express his deepest gratitude to his supervisor Assist. Prof. Dr. 
Atilla Arda Özacar for his guidance, advice, criticism, encouragements and insight 
throughout the research. 

The author would also like to thank Jonathan Robert Delph, Susan L. Beck, George 
Zandt and Colton Lynnfor their suggestions and comments. 

Also Eric Sandvol, Niyazi Turkelli and Cemal Berk Biryol are gratefully 
acknowledged. Additionally, the author would like to express his very great 
appreciation to Mickael Bonnin for providing the data used in tests and validation 
process. 

This work is partially funded by Scientific and Technological Research Council of 
Turkey (TUBĐTAK) under grant number 111Y239 and also by National Science 
Foundationof America (NSF) under award numbers EAR-1109762 and EAR-
1109336. 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 
 

TABLE OF CONTENTS 

 

 

 

 

ABSTRACT ................................................................................................................. v 

ÖZ .............................................................................................................................. vii 

ACKNOWLEDGMENTS ........................................................................................... x 

TABLE OF CONTENTS ............................................................................................ xi 

LIST OF TABLES ................................................................................................... xiii 

LIST OF FIGURES .................................................................................................. xiv 

INTRODUCTION ................................................................................................... 1 

1-1- Purpose and Scope ............................................................................................ 1 

1-2- Data................................................................................................................... 4 

1-2-1- The CD-CAT experiment ............................................................................. 5 

1-2-2- The NAF experiment .................................................................................... 7 

1-3- Methodology .................................................................................................... 8 

1-3-1- Receiver function ......................................................................................... 8 

1-3-2- Shear wave splitting ................................................................................... 20 

1-4- Organization of thesis ..................................................................................... 25 

2-1- Introduction .................................................................................................... 28 

2-2- The Amalgamation of Anatolia ...................................................................... 30 

2-3- Tectonic Structures of the Anatolian Plate ..................................................... 32 

2-4- Data and Methods ........................................................................................... 37 

2-4-1- Calculation for Crustal Thickness and Vp/Vs: Stack Windowing Analysis 39 

2-4-2- Adaptive Common Conversion Point (CCP) Stacking .............................. 42 

2-5- Results ............................................................................................................ 43 

2-6- Discussion ...................................................................................................... 47 

2-6-1- Nature of Crustal Boundaries in the central Anatolia ................................ 47 

2-6-2- Low Velocity Zones in the Central Anatolian Volcanic Province ............. 48 

2-6-3- Uplift of the Central Taurus Mountains ..................................................... 49 

2-7- Conclusion ...................................................................................................... 52 



xii 
 

3-1- Introduction .................................................................................................... 56 

3-2- Data and Methods ........................................................................................... 59 

3-2-1- Calculation of crustal thickness and Vp/Vs ratio ....................................... 61 

3-3- Results ............................................................................................................ 65 

3-4- Discussion ....................................................................................................... 69 

3-5- Conclusion ...................................................................................................... 73 

4-1- Introduction .................................................................................................... 76 

4-2- Methodology ................................................................................................... 77 

4-3- Program modules ............................................................................................ 81 

4-3-1- Data Conversion ......................................................................................... 82 

4-3-2- Grid Search ................................................................................................. 85 

4-3-3- Sensitivity analysis ..................................................................................... 88 

4-4- Synthetic test ................................................................................................... 90 

4-5- Analysis of Real Data ..................................................................................... 92 

4-6- Conclusion ...................................................................................................... 94 

4-7- Data and resources .......................................................................................... 95 

DISCUSSION ........................................................................................................ 97 

REFERRENCES ...................................................................................................... 103 

CURRICULUM VITAE .......................................................................................... 118 

 

 

 

 

 

 

 

 

 

 



xiii 
 

LIST OF TABLES 

 

 

 

TABLES 

Table 4-1: Input and output model parameters extracted using different misfit 
calculation procedures and signal to noise ratios (SNR) ................................... 91 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv 
 

LIST OF FIGURES 

 

 

 

FIGURES 

figure 1-1 General tectonic settings of the Anatolian plate and surrounding 

neighbors. ............................................................................................................. 2 

Figure 1-2: Distribution of seismic stations along Turkey. .......................................... 5 

Figure 1-3: The relation between no net rotation absolute plate motion and fast 

polarization direction resulted from shear wave splitting analysis.. .................... 7 

Figure 1-4: Principals of teleseismic P wave receiver function. A) exhibits the 

importance of using the teleseismic events to have the incidence angles close to 

vertical. B) conversion of the incident P wave at the interface with impedance 

contrast. C) the necessity of full backazimuthal coverage to sample underneath 

the station from all sides and detect possible variation/anisotropy and D) 

response of the receiver function analysis to a sharp, transitional boundary and 

low velocity zone. ................................................................................................ 9 

Figure 1-5: Different phases in receiver function analysis. Ps is the main receiver 

function and PpPs nnd PsPs+PpSs are the first and second reverberations 

respectively. The principal of the H-K stacking method in which at one definite 

depth with definite Vp/Vs ratio all three phases intersect at a single point. ...... 13 

Figure 1-6: Stack Windowing Analysis (SWA), blue lines represent all the traces put 

togeather, red line is the average of all traces and yellow lines are average (red 

line)  plus and minus standar deviation.. ............................................................ 16 

Figure 1-7: Interactive phase picking CCP stacking. black stars represent the picked 

depth for the Ps (above) or PpPs (below) phases. .............................................. 19 

Figure 1-8: Basics of shear wave splitting which shows how an incident shear wave 

splits into two slow and fast phases due to propagation through an anisotropic 

medium. .............................................................................................................. 21 

Figure 1-9: Left, schematic configuration of two layered anisotropy in upper mantle 

and crust. relation of the fast polarization direction with the mantle flow and 



xv 
 

absolute plate motion in upper mantle and paleo stress in the crust. Right, the 

variation of the apparent anisotropic parameters with respect to backazimuth . 22 

Figure 2-1:Tectonic map of Turkey and near vicinity showing active faults, 

terranes/blocks and bounding sutures (after Okay & Tuysuz 1999). ................. 29 

Figure 2-2: The topographic map of the study area showing key tectonic features 

(young volcanism, faults and suture zones) along with the location of seismic 

stations used in this study. .................................................................................. 34 

Figure 2-3: Global distribution of events used in our receiver function analysis. ..... 38 

Figure 2-4: Comparison between H-K stacking analysis and stack windowing 

analysis (SWA) for two stations.. ...................................................................... 41 

Figure 2-5: Results of stack windowing analysis for (A) crustal thickness and, (B) 

bulk crustal Vp/Vs. ............................................................................................ 43 

Figure 2-6: Negative receiver function amplitudes between 10 and 30 km below 

surface normalized to coherence peak from CCP stacking. ............................... 45 

Figure 2-7:  (A-E): CCP stacks throughout central anatolia with 150% vertical 

exaggeration and location map of these sections (on the right). ........................ 46 

Figure 2-8: CCP stack cutting through Taurus Mountains and CAVP (Transect F-F’ 

shown in the location map of Figure 2-7) and its interpreted section. ............... 52 

Figure 3-1: A) Terrane map showing major sutures and faults modified from Okay Et 

Al. (1994). Location of seismic stations are shown by inverted triangles B) Pre-

Black sea basin opening tectonic structure restoration of Nikishin et al. (2015).

 ............................................................................................................................ 58 

Figure 3-2: Tectonic map of the study area showing major faults, sutures, terranes 

and neogene volcanism along with used broadband seismic stations ................ 60 

Figure 3-3: A) The azimuthal distribution of the earthquakes used in this study.. .... 62 

Figure 3-4: Moho depth and Vp/Vs maps calculated by CCP bin picking and H-K 

stacking. ............................................................................................................. 66 

Figure 3-5: CCP cross sections of binned p teleseismic receiver functions plotted 

below 3D surface topography. ........................................................................... 68 

Figure 4-1: Workflow of the M-Split program .......................................................... 82 

Figure 4-2: A) program start window and B) data conversion interface ................... 84 



xvi 
 

Figure 4-3: Misfit calculation interface, ..................................................................... 86 

Figure 4-4: Results interface that also provides options for sensitivity analysis and 

model comparison modules ................................................................................ 87 

Figure 4-5: A) Interface to compare various models with different splitting 

parameters and also different dominant frequencies B) resultant model plots of 

splitting parameters as a function of backazimuth along with observations. ..... 88 

Figure 4-6: Sensitivity analysis interface which generates scatter and contour plots of 

best solutions in model space using the selecte parameter vaues ...................... 89 

Figure 4-7: Unweighted synthetic test for noisy data with signal to noise ratios (SNR) 

of A) 5, B) 10 and C) 20 ..................................................................................... 91 

Figure 4-8: A) Multilayered anisotropy models obtained for station  BKS using 

weighted approach B) resultant model plots of splitting parameters as a function 

of backazimuth along with observations. ........................................................... 93 

Figure 4-9: Contour plots of model space for both fast polarization directions (A and 

C) and delay times (B and D) based on two different calculated parameters 

using weighted approach for the splitting observations of station BKS. ........... 94 

Figure 5-1: The general diagram of major strike slip fault zones along the study area. 

A) Lithospheric scale fault zones with offset in moho and B) Crustal scale fault 

zones with offset in mid crustal features. ........................................................... 98 

 



1 
 

CHAPTER 1   

 

 

 

INTRODUCTION 

 

 

1-1- Purpose and Scope 

 

The complex geological settings with unique ongoing processes, make Turkey one of 

the most attractive regions by scientists with various backgrounds. The vast veriety 

of studies are conducted which are all aimed to disclose the complex tectonic 

evolution of this region. The interaction of the Anatolian plate with the surrounding 

plates show significant variety through time and space as the past deformation before 

Miocene converted to continental collision to the east and slab retreat to the west 

(Şengör et al. 1985; Reilinger et al. 2006). Thus, the initiation of the tectonic escape 

causing westward extruding Anatolian plate and the role of the surrounding plates 

(and their remnants) are still under much debate. In other words the driving force of 

this process is not clearly known and needs to be studied in more details.  

 

This spatial variation from east to west also creates a transition zone which changes 

from compressional regime in the east to extensional in the west. This tiny plate has 

withnessed several sequences of opening and closure of oceans with subsequent 

subduction and collision events which make this plate a complex amalgamation of 

different terranes. The occurrence of Central Anatolian Volcanic Province (CAVP), 

rapid uplift in southern Turkey (Cosentino et al. 2012; Schildgen et al. 2014; Radeff 

et al. 2015) and localization of strain in Central Anatolia, existence of very low basin 

elevations in southeast are examples of the phenomena which are yet to be clarified. 

Adding to these, existence of an anomalously hot asthenosphere underneath the 
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Anatolian plateau (e.g. Gök et al. 2003; Piromallo & Morelli 2003; Al-Lazki et al. 

2004) is another observed regional phenomenon which requires attention.  

 

 

 

 

Figure 1-1 General tectonic settings of the Anatolian plate and surrounding neighbors. The 
Blue rectangle represents the CAT experiment region and the red rectangle represents the 
NAF experiment zone. 

 

 

 

To shed light on the processes which are responsible in formation of these 

phenomenas, global seismology plays a key role.  One major step in understanding 

these deep processes is to image the current configuration of the concealed 

subsurface structures. To achieve this, receiver function analysis can be considered 

as a suitable methodology since it is sensitive to seismic changes at the 

discontinuities that are formed or deformed in relation with the controlling tectonic 
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processes. To elucidate the crustal structure of the Anatolian plate, receiver function 

analysis conducted in two different regions which are in fact the missing pieces to 

create a general image of crustal structure of the entire Anatolian plate. These 

regions are South Central Anatolia and North Central Anatolia across the curved 

segment of the North Anatolian Fault Zone (Figure 1.1). 

 

South Central Anatolia has experienced several sequences of deformation which 

shaped the current morphologic image of this region. High-rise mountains to the 

south which terminates to the southwest and converts to a very low elevation basin 

and numerous surface expressions of different sequences of volcanic activities, 

existence of severl fault zones and sutures are of these features. According to 

previous studies, both East Anatolian Fault Zone (EAFZ) forming the plate boundary 

between Anatolian and Arabian plates and Central Anatolian Fault Zone (CAFZ) are 

lithospheric scale structures (Ates et al., 1999; Gans et al., 2009; Mutlu and 

Karabulut, 2011). The mentioned phenomenas alltogether indicate a very complex 

deformation sequence which still is under much debate.  

 

On the other hand, North Central Anatolia contains the central segment of the world-

famous transform plate boundary, the North Anatolian Fault Zone (NAFZ). 

Although the surface evidences of this fault zone are well known, the knowledge 

about the subsurface structure of this major plate boundary is very limited. This fault 

zone, in some regions, displays a good correlation with older suture zones (Şengör 

and Yılmaz, 1981) and geophysical properties change sharply in either side of the 

fault (Pn and Sn velocities; Gok et al. 2000, Sandvol et al. 2012, Bouguer gravity 

anomalies; Al-Lazki et al. 2002). At this point, the source of these changes observed 

on lithospheric scale can be associated to both NAF and the paleotectonic suture and 

thus not resolved. In this respect, the geometry and deep structure of the NAF as well 

as the other structures shaping the crust of this region are still under much debate. 

Okay et al. (1994) described the Istanbul zone as a terrane which was formed due to 
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southward motion along two large transform faults (Figure 1-1). Recently, Nikishin 

et al. (2015) suggested existence of another major wrench fault between Central 

Pontides and Eastern Pontides. Actual position of so-called Abana Fault is still 

enigmatic but assumed to be bounding the Central Pontide Supercomplex from east. 

 

In order to understand associated deformation in great depths, seismic anisotropy can 

also be used as an important proxy. Present and/or preserved rock fabric and cracks 

forms seismic anisotropy and it can be modeled to reveal possibble fabric and/or 

crack orientations linked to geodynamic processes that the region had faced through 

its tectonic evolution. Thus, we developed a computer program to model multi-

layered seismic anisotropy from shear wave splitting observations and in a parallel 

study (Pamir et al. 2014) applied it to the region in South Central Anatolia where the 

edge of Cyprus slab is located (Figure 1-1). 

 

 

1-2- Data 

 

National seismic networks of Turkey display very good coverage in the west and 

southwest which make it possible to generate images of fairly high resolution for that 

region. However, the coverage in central and northern Anatolia becomes sparser 

which causes degradation in quality of the created images. Especially the lack of 

stations on the critical locations, particularly on the suture zones or plate boundaries 

is manifest. Hence, there was a need for increment of the seismic station density in 

the central and northern Anatolia which was solved by installation of numerous 

interim seismic networks in different regions of the Anatolian plate. The aim was to 

temporarily increase the seismic station density of that region. From these 

experiments, CD-CAT, NAF and ETSE experiments are of higher importance related 

to their region of coverage (Figure 1-2). 
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Figure 1-2: Distribution of seismic stations along Turkey. Black inverse triangles represent 
the Kandilli national network permanent stations. Blue inverse triangles represent the 
temporary CAT stations. Red inverse triangles represent the NAF experiment temporary 
stations and brown inverse triangles represents the ETSE temporary network. Red unfiiled 
triangles represent the recent volcanos.  

 

 

 

1-2-1- The CD-CAT experiment 

 

This project was an integrated program of geophysical experiments (2-year passive 

seismic experiment plus magnetotelluric profiling); geochemical analysis of 

Cenozoic volcanic rocks; structural analysis of rocks and sediments across the 

Anatolian interior; geo/thermochronology of volcanic rocks and terrestrial basin 

deposits; geomorphic analysis of the Cenozoic evolution of the Anatolian landscape; 

and numerical modeling of lithosphere dynamics. These data will characterize the 

present-day thermal-physicochemical state of the lithosphere from mantle to surface 

and will allow us to reconstruct a record of lithosphere dynamics, with a particular 

focus on the past 20 million years.  
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As part of geophysical investigations, passive seismology was utilized in this project 

benefiting from 72 temporarily installed seismic stations and national network 

stations within the region (Figure 1-2). During the project, various seismic methods 

were used to reveal the crust and mantle structures including receiver functions 

analysis (Abgarmi et al. 2017), teleseismic body wave tomography (Portner et al. 

2018), surface and ambient noise tomography (Delph et al. 2015a).  Seismicity is 

analyzed to identify the active tectonic structures and ongoing deformation in the 

region (Özacar et al. 2015, Birsoy 2018).  

  

Moreover, seismic anisotropy along crust and mantle was studied using shear wave 

splitting analysis to discover the effect of tectonic escape and mantle flow at the edge 

of Cyprus slab (Pamir et al. 2014, Soysal et al. 1981) looking at the absolute plate 

motion direction an general trends of fast polarization direction along the region 

reveals the mantle flow directions of this region. Comparing this directions with the 

surficial motions (the GPS velocities) reveals the decoupled characteristics of the 

deformations which implies the existence of complex seismic anisotropy (Figure 1-

3). The assumption of a simple anisotropy will be over simplification and will lead to 

unrealistic tectonic interpretation. 
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Figure 1-3: The relation between no net rotation absolute plate motion and fast polarization 
direction resulted from shear wave splitting analysis. Absolute plate motions taken from 
UNAVCO project represented as red vectors. Fast polarization directions are taken from 
various references (the NAF experiment, Biryol et al., 2009, the ETSE experiment, Sandvol 
et al., 2003, western Turkey, Hatzfeld et al., 2001, central Turkey, Pamir et al., 2014). 
Relative plate motions shown in black vectors are relative to fixed Eurasian plate (Reilinger 
2006). Solid black lines represent the major faults and sutures and red triangles represent the 
famous Holocene volcanos. 

 

 

 

1-2-2- The NAF experiment 

 

The project was a passive seismic experiment in which 39 broadband seismic 

stations were deployed and functioned for two years (Figure 1-2). To improve the 

resolution, stations from national seismic network (Kandilli observatory) which are 

within the study area were also added to the analysis. The recorded data is used to 

identify the seismicity and present subsurface structure in the vicinity of the central 

curved segment of NAF. For this purpose, teleseismic body wave seismic 

tomography (Biryol et al. 2011) ambient noise tomography (Warren et al. 2013), Pn 

tomography (Gans et al. 2009), receiver function (Özacar et al. 2010) and shear-
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wave splitting (Biryol et al. 2010) analyses were conducted. Moreover, the first 

motion solutions of relocated earthquakes were computed and active stress field was 

mapped out in the region (Karasözen et al. 2014).  

 

 

1-3- Methodology 

 

This dissertation consists of two major passive seismic methods which differ in 

terms of data, processing procedures and results. For regional studies of the 

subsurface structures, the teleseismic P-wave receiver function method is utilized 

using different approaches in data processing and analysis. On the other hand, the 

analysis of complex seismic anisotropy is unified in a comprehensive computer 

program which comprises various tools that are dedicated to accomplish different 

tasks. 

 

 

1-3-1- Receiver function 

 

Receiver function is a widely used technique to image the subsurface discontinuities. 

This method is based on conversion of the incident wave in an interface and 

recording the original and converted phases at the surface stations. This method is 

sensitive to impedance contrast and therefore image seismic discontinuities 

underneath the station (Figure 1-4). The amount of contrast will be reflected in the 

amplitude of the RF signal so that the high amplitude sharp RF signals represent 

high impedance contrasts whereas small amplitude and wide RF signals indicate 

transitional velocity changes along that interface. Advantage of this method is the 

ability of detecting low velocity layers (downward decrement of the velocity) which 
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will emerge as a negative pulse on the receiver function graph. In the thesis, the 

teleseismic P-wave Receiver function has been utilized in imaging the subsurface 

discontinuities. It is also worth to note that the CAT data also contains PP receiver 

functions to enlarge the azimutal coverage. 

 

 

 

 

Figure 1-4: Principals of Teleseismic P wave receiver function. A) Exhibits the importance 
of using the teleseismic events to have the incidence angles close to vertical. B) Conversion 
of the incident P wave at the interface with impedance contrast. C) The necessity of full 
backazimuthal coverage to sample underneath the station from all sides and detect possible 
variation/anisotropy and D) response of the receiver function analysis to a sharp, transitional 
boundary and low velocity zone.  
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The concept of calculating the P-wave receiver function is based on deconvolution of 

the horizontal waveform from the vertical one. There are two different procedures to 

handle this process which comprise the time domain and frequency domain 

deconvolution. In frequency domain, deconvolution is transformed into normal 

division as in equation 1 shown below, 

 

����� = ������	



������� ����																														�1� 
 
where	���� = max	[������	



���, �.max��	����	



����] 
 

In which ����� is Fourier transformation of radial receiver function, �����,�	��� 
are Fourier transformations of radial and vertical components of seismic trace.  �	



���is the complex conjugate of the �	���. “c” is the water level parameter and ���� is Gaussian filter where:  

 

���� = 	����� ��� 																																													�2� 
 

 
where “a” is the Gaussian filter width. 

Width of the Gaussian filter will define the resolution of the RF, so the filter width 

which has direct relation to the frequency, should be adjusted with some care 

(equation 2). Large filter widths can cause overfitting or artificially generating 

unrealistic anomalies whereas low filter numbers (low frequencies) can cause 

aliasing in the anomaly. 

 



11 
 

However, in any division if the denominator converges to zero, the function will 

become unstable (or in other words that function will converge to infinity) so to 

avoid the instability, water level filtering will also have introduced in the calculation 

processes. Incorporating the water level filter, will resolve the unstable division 

solutions, still adds another problem to the frequency domain procedure. The 

problem originates from removing very weak signals due to using water level 

filtering for the traces with low SNR which will lead to lose the concealed weak 

signal within the noise. The PWaveQN program is dedicated to perform Frequency 

domain deconvolution (Ammon 1997). 

 

The other procedure consists of iterative time domain deconvolution which for the 

high SNR traces, results are slightly poor compared to the frequency domain 

deconvolution method but for very noisy data with low SNR this method leads to 

significantly better results. Thus we have utilized this technique in this study and 

used the program called Iterdecon (Ligorria and Ammon, 1999). 

 

The reason behind using the teleseismic events can be described in two different 

cases; the geometric and mathematic reasons. The mathematic reason behind the 

usage of teleseismic events is manifested in equation 1. Focusing in the formula, 

reveals that if we want to have the resulted RF to be at reasonable energy, the most 

of the vertical P wave should be concentrated in the vertical component whereas the 

converted P to S component should be in the radial one. This will lead to prefer near 

to vertical incidence angles which means usage of the teleseismic events will be 

demanded. The geometric reason is the further the inclination of the waves from 

vertical, the farther the waves will apart from the station which means the resulted 

stacked RF will be average of very vast area and cannot be representative to that 

location. To check the conditions of the deconvolution process, the quality control is 

necessary. This process is performed in sequence of steps which, the initial step, 

comprises the visual inspection of all three components of all events which are 
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recorded by a seismic station. Noisy traces or traces with unclear P wave arrivals 

will be omitted at this step. The next step is carried on after deconvolution process 

which all deconvolved RF traces are allocated with a number representing the quality 

of the deconvolution. This number, or so called the reduction value should pass a 

threshold for a receiver function trace to be acceptable. The final step, will be the 

visually examination of the final RF traces for unusual traces which already passed 

the two former steps.  

 

Proceeding the deconvolution processes and quality control of the output receiver 

functions, this output time histories need be inverted to migrate from time domain to 

depth domain. However, while the number of unknowns in this problem, although 

the Vp will be assumed to be fixed, is more than one (including depth and the Vs or 

Vp/Vs ratio), to accomplish the migration task, special algorithms should be utilized. 

There are several algorithms to perform the migration task and assess the resulted 

receiver functions which include the H-K stacking, Stack windowing and different 

algorithms of CCP stacking method. 

 

 

1-3-1-1- The H-K Stacking method: 

  

H-K stacking is a simple and automated way to measure crustal thickness (H) and 

Vp/Vs ratios (κ) through the summation of the primary conversion (Ps) from the 

Moho and its associated multiples (PpPs and PsPs + PpSs), assuming flat-lying 

homogeneous layers. This method is based on the fact that the primary conversion 

and its first and second multiples will intersect at a point on the depth Vs the Vp/Vs 

ratio plot which represents the depth of the interface and the average Vp/Vs ratio of 

the entire column (Figure 1-5). This method first introduced by Zhu and Kanamori, 

(2000), which in general is an algorithm to sum up the amplitudes of the mentioned 
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phases at their predict arrival time. This process is based on a grid search over H and 

K and finally find the proper solution in a point that all phases add up coherently. 

 

 

 

 

Figure 1-5: Up shows different phases in receiver function analysis. Ps is the main receiver 
function and PpPs and PsPs+PpSs are the first and second reverberations respectively. Down 
shows the principal of the H-K stacking method in which at one definite depth with definite 
Vp/Vs ratio all three phases intersect at a single point.  (Zhu and Kanamori, 2000) 
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Time difference (tPs) between direct P and primary conversion (Ps) from the Moho is 

a function of crustal thickness (H) and average P and S wave velocities (Vp, Vs) in 

the crust which is expressed as in equation 3 given below  

 

� = "#$%&$�' − )' −%&*�' − )' 																									�3� 
 

where P is the ray parameter.  

 

Since the teleseismic events are used and P wave incidence angle is near to vertical, 

the horizontal deviation of the piercing point from the station will be no more than 

10 Km (Zhu and Kanamori, 2000) so the deviation of ray parameter will not have 

significant effect on the calculated depth. Similarly, it is proven that the P wave 

velocity (Vp) has negligible effect on the calculated depth as well (Zhu and 

Kanamori, 2000). So in the equation 3 there are two unknowns whereas just one 

observation will be performed which will lead to non-uniqueness of the model. To 

avoid this problem, two other phases will also be used that the arrival time of these 

phases are expressed in equations 4 and 5. 

 

� = "#*#$%&$�' − )' +%&*�' − )' 																																					 �4� 
 

 

� = "#*.$/#$#$2%&$�' − )' 																																																														�5� 
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where "#*#$and "#*.$/#$#$, represent the differential travel times of the first and 

second multiples of the direct conversion respectively. Therefore adding these three 

phases will lead to the final solution of the problem (Zandt and Ammon 1995). 

 

 

1-3-1-2- Stack windowing Analysis 

 

In tectonically complex areas, a more manual method for identifying the multiples 

from the Moho discontinuity which we call stack windowing analysis (SWA) is 

preferable. SWA builds on previous approaches in estimating κ through the manual 

picking of the Ps conversion and the PpPs multiple (Zandt and Ammon, 1995). 

Because single earthquake traces can be contaminated with noise, we stack all 

receiver functions at an individual station to increase the signal to noise ratio of the 

data after normalizing the amplitude of a trace and correcting for moveout. We then 

choose a time window around the Ps and PpPs arrivals on the stacked trace, with the 

maximum amplitude in the time window being automatically chosen as the 

conversion of interest (Figure 1-6).  

 

From these times, we can calculate κ and H as illustrated in equations 6 and 7 given 

below (Zandt and Ammon, 1995). 

 

� = "#$ × &#
2 × 31 − )' 4	56 7' −%1 − )'&#' 																																	�6� 

2 = �1 − )'&#'� 9 2"#$"#*#$ − "#$ + 1: + )'&#'																								�7� 
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where Vp is an assumed value for average P-wave velocity in the crust (6.1 km/s in 

this study) that generally has a neglicable effect on overall crustal thickness 

estimates (Zhu and Kanamori, 2000), P is the ray parameter which is also used to 

correct for moveout in the stacking routine, and tPS and tPpPs are the time picks from 

the stacked receiver function at a station of interest.  

 

 

 

 

Figure 1-6: Stack windowing analysis (SWA), blue lines represent all the traces put 
togeather, red line is the average of all traces and yellow lines are average (red line)  plus 
and minus standar deviation. Red dot is the maximum point within the picked window and 
red, green and black asterickses are expected arrival time of Ps, PpPs and PpSs+PsPs phases 
for crustal thickness of 35 km and Vp/Vs ratios of 1.7, 1.8 and 1.9 respectively. Solid 
vertical lines represent the selected windows for Ps and its first moltiple. 
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Errors are then estimated by comparing the chosen arrivals from the stacked trace 

with time of the maximum amplitudes in the chosen time window on individual 

traces by taking the standard deviation of the time differences. As shown in 

equations 8 and 9, by using this uncertainty in a standard propagation of errors 

calculation, we can estimate errors in κ and H: 

 

∆2 = => ?2?"#$ ∆"#$@
' + 9 ?2?"#*#$ ∆"#*#$:

' �8� 

∆� = => ?�?"#$ ∆"#$@
' + >?�?2 ∆2@' �9� 

 

where ∆ is the standard deviation of the measurement.  

This technique, while requiring more interaction than H-κ stacking, allows for an 

improved recovery of both crustal thickness and Vp/Vs ratios where traditional H-κ 

stacking analysis may struggle, while obtaining very similar results in areas of 

simple crustal structure. 

 

 

1-3-1-3- CCP stacking 
 

Common conversion point (CCP) stacking analysis (Dueker and Sheehan, 1997) is 

another method to resolve spatial variability in the crust and uppermost mantle to 

create a three-dimensional (3D) volume of receiver function amplitude. In this 

analysis, the region of interest is gridded into bins based on user-defined width and 

spacing. Receiver functions are migrated to depth and ray traced back to their 

theoretical locations in the Earth, and receiver function amplitudes that plot within 

the same bin are averaged to represent the structure in that bin. There are two 
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different approaches to calculate the crustal thickness with variable Vp/Vs ratio, first 

method which is interactive involves picking of Ps and PpPs phases manually from 

the cross-sections generated by the CCP stacking using constant Vp/Vs ratio 

(Figure1-7).  

 

Consequently these two picks will be used to recalculate the correct depth and Vp/Vs 

ratio for each bin by using the following equations (10 and 11) suggested by Zandt 

and Ammon (1995).  

 

&C&D =
EFF
FFFF
FFFG

H
IJ�#$ × 934	*	$KLMN	* 7' − )' −%&C�' − )':

�#*#$ × %&C�' − )' + 1
O
PQ
'
× �1 − )'&C'�

+ )'&C'															�10� 
 

� = "#$
34	*	$	* 7' − )' −%&*�' − )' 																					�11� 

 

where �#$ and �#*#$ are the calculated depths for Ps and PpPs phases respectively 

using the constant Vp/Vs ratio which illustrated as &C&DSTU$.  
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Figure 1-7: Interactive phase picking CCP stacking. Black stars represent the picked depth 
for the Ps (above) or PpPs (below) phases. 

 

 

 

Second method is the adaptive common conversion point approach described in 

Delph and Porter (2015), which allows our bin width to dilate from 0.3° to 1° until 

each bin has at least 10 rays. This method gives smoother models that are more 

realistic because the individual traces will not create bullseyes in the resultant model. 

This approach is embedded in the Funclab (Eagar and Fouch. 2012) program and has 

the capability of receiving the variable Vp/Vs ratio as a 3D bulk which this ratio is 

obtained from previous steps.  
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1-3-2- Shear wave splitting 

 

Due to variation of velocity in an anisotropic volume in different directions, shear 

waves passing through this medium will experience splitting into two orthogonal 

phases which are parallel and perpendicular to the polarization direction (Figure 1-

8). In crust, splitting is related to the crack alignment related to the stress directions 

(Crampin, 1994, 1999) and the density of the cracks and their direction are expressed 

as the delay time and polarization direction respectively. One may ask about the 

observations which show no splitting or in other words the Null observations. There 

are two possibilities that one measurement can show no anisotropy or splitting; first 

there is no anisotropy contained in that medium which in this case all observations 

from all directions will show no splitting and second the backazimuth of the event is 

parallel or perpendicular to the polarization direction (Wüstefeld and Bokelmann, 

2006).  

 

Shear-wave splitting analysis of teleseismic data is widely used to image the 

anisotropy in the Earth’s interior. Splitting observations are used to infer crust and 

mantle fabric beneath recording stations related to past and current deformations. 

Normally, shear-wave splitting analyses are performed under the assumption of a 

simple model composed of just one horizontal layer with a horizontal axis of 

symmetry. But in some complex cases, the splitting parameters show strong 

backazimuthal dependency. Previous researchers had identified anisotropic 

complexities at different tectonic settings and applied various approaches to model 

them. Most commonly, such complexities are modelled using multiple anisotropic 

layers with priori constraints from geologic data 
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Figure 1-8: Basics of shear wave splitting which shows how an incident shear wave splits 
into two slow and fast phases due to propagation through an anisotropic medium (Crampin 
1981). 

 

 

 

There are three different interpretations for variation of splitting parameters with 

respect to backazimuth: (1) two-layered horizontal anisotropy (Savage and Silver, 

1993; Silver and Savage, 1994) or three or more anisotropic layers (e.g., Yang et al., 

2014) can generate backazimuthal dependencies with 90° of periodicity, (2) laterally 

varying anisotropy (Alsina and Snieder, 1995), and (3) inclined symmetry axis in the 

lithosphere (Babuška et al., 1984, 1993; Plomerová et al., 1996; Šílený and 

Plomerová, 1996). In the complex tectonic settings, presence of two horizontal layers 

of anisotropy is the most commonly proposed model (Figure 1-9). Thus, we 

introduce our user-friendly graphical program M-Split that uses the same forward 

formulas introduced by Silver and Savage (1994) to model the anisotropic 

parameters showing strong backazimuthal dependencies but enhanced misfit 

calculation algorithms for different observation conditions and limitations.  
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Analysis of complex anisotropy suffers from the presence of high level of non-

uniqueness in the forward problem; hence, in this program a sensitivity analysis tool 

is also included to find all possible solutions in model space by plotting all local 

extremums. This program is a tool that calculates the misfit between the observations 

and all models resulted from grid search over model space. Misfit calculation 

procedure follows the formula first introduced by Silver and Savage (1994). There 

are several enhancements performed on the misfit calculation formulas related to the 

observation condition.  

 

 

 

 

Figure 1-9: Left, schematic configuration of two layered anisotropy in upper mantle and 
crust. Relation of the fast polarization direction with the mantle flow and absolute plate 
motion in upper mantle and paleo stress in the crust. Right, The variation of the apparent 
anisotropic parameters with respect to backazimuth (modified after Kano et al., 2011). 
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The main misfit formula utilized in this program is as in equation 12 given below, 

 

VWDXW"YZ =[\]∅T_$,` − ∅S�aS,`b'�V�cd∅�' + ]e"T_$,` − e"S�aS,`b'�V�cdfg�' hU
`ij 																					�12� 

 

where ∅T_$,`, ∅S�aS,`, e"T_$,` and e"S�aS,` are i'th observed and calculated fast 

polarization direction and observed and calculated delay times, respectively, and V�cd∅ and V�cdfg are mathematical mean values of fast polarization directions 

and delay times for all observations, respectively. In this formulation, both ∅ and e" 
segments are normalized by the corresponding mean value of all observations. 

 

Second algorithm is the weighted method that gives weights according to 

measurement errors so that observations with small errors will have greater effect in 

the misfit calculation. This method is suitable for the observations that have solitary 

points with small errors that are a critical part of the model diagram and therefore it 

is important that these points have more effect on the final calculated model 

(equation 13). 

 

VWDXW"Z =[\]∅T_$,` − ∅S�aS,`b']k∅,`b' + ]e"T_$,` − e"S�aS,`b']kfg,`b' hU
`ij 									�13� 

 

 

k∅,` = �∅l�m,` − ∅l`U,`� 2⁄  

 

kfg,` = �e"l�m,` − e"l`U,`� 2⁄  
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where ∅T_$,`, ∅S�aS,`, e"T_$,` and e"S�aS,` are i'th observed and calculated fast 

polarization direction and observed and calculated delay times, respectively. k∅,`andkfg,`are errors on fast polarization direction and delay time for i'th 

observation. 

 

Finally, the third method is a band-fit method that is developed to reduce the effect 

of individual observations with small errors that dominate the final model. This 

method is proper for the input with the individual observations that have negative 

effect on the extracted model (equation 14). 

 

VWDXW"_o =[\ ]∅p`o,`b'�V�cd∅�' + ]e"p`o,`b'�V�cdfg�'h																					�14�
U
`ij  

 

∅p`o,` = q0																																												WX				]∅T_$,` − ∅S�aS,`b ≤ 	k∅,`]∅T_$,` − ∅S�aS,`b − k∅,`				WX				]∅T_$,` − ∅S�aS,`b > k∅,` 
e"p`o,` = q 0																																												WX				]e"T_$,` − e"S�aS,`b ≤ 	kfg,`]e"T_$,` − e"S�aS,`b − kfg,`				WX				]e"T_$,` − e"S�aS,`b > kfg,` 

 

where ∅T_$,`, ∅S�aS,`, e"T_$,` and e"S�aS,` are i'th observed and calculated fast 

polarization direction and observed and calculated delay times, respectively. k∅,` and 

kfg,` are errors on fast polarization direction and delay time for i'th observation. 

V�cd∅ and V�cdfg are mean values of fast polarization direction and delay time for 

all observations, respectively. 
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1-4- Organization of thesis 

 

The thesis is composed of five chapters counting the introduction chapter, the 

following three chapters are designed as separate papers followed by final chaper 

where all of our results and derived conclusions are listed and discussed. In the first 

study, which will be covered in the second chapter, focus will be on the south central 

Anatolia with an aim to understand the ongoing tectonic processes in this region by 

analyzing the crustal discontinuity structure in the sub-surface. This is accomplished 

by using the teleseismic P wave receiver function analysis for the data collected by 

national network of Turkey as well as the data collected by the temporarily deployed 

seismic network. The temporary seismic network was deployed along central 

Anatolia as part of CD-CAT project which I have participated in installation, 

servicing, data collection and dismantling of this network. In this chapter, receiver 

function analysis which was conducted by me as part of my PhD work is presented. 

It is worth to note that this study is recently published as a scienctific paper under 

my correspondence as first leading author (Abgarmi et al. 2017). The major 

observations include but not limited to the thickness of the crust, the traces of the 

profound faulting in the deep interior of the earth, the existence of low velocity 

layers underneath the young volcanos and also the presence of the slab and its 

possible geometry.  

 

In the third chapter, the focus will be on the curved central segment of the NAF 

which overlaps in part with the Paleo-Tethyan suture. In order to reveal the deep 

geometry of NAF and identify signatures of past tectonic processes on the crustal 

deformation, teleseismic receiver function analysis is conducted to generate a model 

of crustal structures based on the seismic impedance contrast. Most of the dada 

which are used in this study were collected by the temporary seismic network of 

NAF passive seismic experiment with the NSF grant number EAR0309838. In this 

study, newly developed interactive Ps and PpPs phase picking on CCP stacking plots 
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is utilized to identify MOHO depths and corresponding Vp/Vs ratios. The resultant 

crustal thickness variations are later used to locate preserved paleotectonic 

boundaries in the subsurface and interpret the depth extent and geometry of NAF. 

This receiver function study which was conducted by me as part of my PhD work is 

presented in a scientific meeting (Ozacar and Abgarmi, 2017) but not yet published 

and currently under preparation for journal submission. 

 

In the fourth chapter, the M-split program which is developed to assess complex 

seismic anisotropy will be discussed. Up to now, there was no open access program 

providing tools to analyse multi-layered seismic anisotropy which gave rise to the 

M-split program. This program is dedicated to analyse two-layered anisotropy with 

horizontal symmetry axis. Additionally there are several tools embedded in the 

program to facilitate the analysing process and enhance program to map out the non-

uniqueness present in the complex anisotropic models by conducting systematic grid 

searches on model parameter space. This program and all modulus and codes within 

are developed by myself and also all the tests and validation of the program using 

synthetic and real data are performed by me as well. This study is recently published 

as a scienctific paper under my correspondence as first leading author (Abgarmi and 

Ozacar 2017). In another study, the program is also tested on actual data recorded at 

permanent national seismic stations located in the south central Anatolia where the 

edge of Cyprus slab is expected to produce complex seismic anisotropy associated to 

mantle flow and tectonic escape (Pamir et al. 2014). 
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CHAPTER 2  

 

 

 

STRUCTURE OF THE CRUST AND AFRICAN SLAB BENEATH 
THE CENTRAL ANATOLIAN PLATEAU FROM RECEIVER 

FUNCTIONS: NEW INSIGHTS ON ISOSTATIC 
COMPENSATION AND SLAB DYNAMICS1 

 

 

 

The Central Anatolian Plateau in Turkey is a region with a long history of 

subduction, continental collision, accretion of continental fragments and finally slab 

tearing/break-off and tectonic escape. Central Anatolia is presently characterized as a 

nascent plateau with widespread Neogene volcanism and predominantly 

transtensional deformation. To elucidate the present-day crustal and upper mantle 

structure of this region, teleseismic receiver functions are calculated from 500 

seismic events recorded on 92 temporary and permanent broadband seismic stations. 

Overall, we see a good correlation between crustal thickness and elevation 

throughout central Anatolia, indicating that the crust may be well-compensated 

throughout the region. We observe the thickest crust beneath the Taurus Mountains 

(>40 km), which thins rapidly to the south in the Adana Basin and Arabian Plate and 

to the northwest across the Inner Tauride Suture beneath the Tuz Gölü Basin and 

Kırşehir Block. Within the Central Anatolian Volcanic Province, we observe several 

low seismic velocity layers ranging from 15 to 25 km depth that spatially correlate 

with the Neogene volcanism in the region, and may represent crustal magma 

reservoirs. Beneath the Central Taurus Mountains, we observe a positive amplitude, 

                                                 
1 This chapter is published as the following paper: Abgarmi, B., Delph, J.R., Ozacar, A.A., Beck, 
S.L., Zandt, G., Sandvol, E., Turkelli, N., and Biryol, C.B., 2017, Structure of the crust and African 
slab beneath the central Anatolian plateau from receiver functions: New insights on isostatic 
compensation and slab dynamics: Geosphere, v. 13, no. 6, p. 1–14, doi:10.1130/GES01509.1. 
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subhorizontal receiver function arrival below the Anatolian continental Moho around 

50 – 80 km that we interpret as the gently dipping Moho of the subducting African 

lithosphere abruptly ending near the northernmost extent of the Central Taurus 

Mountains. We suggest that the uplift of the Central Taurus Mountains (~2 km since 

8 Ma), which are capped by flat-lying carbonates of late Miocene marine units, can 

be explained by an isostatic uplift during late Miocene-Pliocene followed by slab 

break-off and subsequent rebound coeval with the onset of faster uplift rates during 

late Pliocene-early Pleistocene. The Moho signature of the subducting African 

lithosphere terminates near the southernmost extent of the Central Anatolian 

Volcanic Province, where geochemical signatures in the Quaternary volcanics 

indicate asthenospheric material is rising to shallow mantle depths. 

 

 

2-1- Introduction 

 

Central Anatolia displays a typical plateau-like morphology that appears similar to 

other collision-related plateaus but on a smaller scale (Figure2-1). The crustal 

architecture of the Central Anatolian Plateau comprises the amalgamation of 

continental fragments that coalesced during the closure of the Neo-Tethyan Ocean 

system between Africa-Arabia and Eurasia and records both subduction and 

collisional-related processes (Şengör & Yılmaz 1981). To the east of the Central 

Anatolian Plateau, compression related to the Arabia-Eurasia continental collision 

dominates the formation and development of tectonic structures, while regional 

extension due to the rollback of the African slab has dominated the west since the 

Miocene (Bozkurt 2001; Ring et al., 2010). These processes have led to the 

development of the Anatolian Plate, which has been extruding westwards since the 

Miocene as a result of African slab rollback and Arabia-Eurasia collision (Şengör et 

al. 1985; Reilinger et al. 2006).  
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Figure 2-1:Tectonic map of Turkey and near vicinity showing active faults, terranes/blocks 
and bounding sutures (after Okay & Tuysuz 1999). Unfilled arrows show the plate motions 
relative to the Eurasian Plate taken from Reilinger et al. (2006). The study area is outlined 
by the blue rectangle. Red triangles are Holocene volcanoes; black lines with filled triangles 
are suture zones; black lines with unfilled triangles are present day trenches; red lines are 
active structures and fault zones. CAP: Central Anatolian Province, DSFZ: Dead Sea Fault 
Zone, EAFZ: East Anatolian Fault Zone, EACP: East Anatolian Contractional Province, 
IAESZ: Izmir- Ankara- Erzincan Suture Zone, ITS: Inner Tauride Suture, NAFZ: North 
Anatolian Fault Zone, WAEP: West Anatolian Extensional Province. 

 

 

 

Thanks to the expansion of seismic station coverage in Turkey, a number of 

regional-scale studies of the eastern Mediterranean have provided researchers with a 

broad understanding of the seismic structure of the Anatolian system (e.g. Biryol et 

al. 2011; Mutlu & Karabulut 2011; Salaun et al. 2012; Fichtner et al. 2013; Vanacore 

et al. 2013; Delph et al. 2015a; Govers & Fichtner 2016). Smaller-scale, regional 

studies have also been performed using temporary seismic deployments to 

investigate the seismic structure of this system in higher detail, such as the North 

Anatolian Fault Experiment (Beck & Zandt, 2005) and the Eastern Turkey Seismic 

Experiment (Sandvol et al. 2003). This has resulted in dense seismic station coverage 
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throughout most of Turkey when combined with the extensive backbone network of 

the Kandilli Observatory and Earthquake Research Institute (KOERI). However, 

until recently, seismic station coverage and associated studies investigating central 

Anatolia have been largely neglected due to its relative stability and assumed low 

potential of large-magnitude earthquakes.  

 

This study represents the first analysis of a large dataset collected as part of the 

Continental Dynamics – Central Anatolian Tectonics (CD-CAT) project that 

combines interdisciplinary expertise to investigate the structure and evolution of 

central Anatolia. As part of this project, 65 Streckeisen STS2 and Guralp CMG-3T 

broadband seismic stations were deployed in 72 locations throughout central 

Anatolia, which operated for two years between May 2013 and May 2015. The goals 

of the CD-CAT seismic deployment are multifaceted, but generally focus on better 

understanding the interplay between the complex Cenozoic evolution of the Central 

Anatolian Plateau and how it is reflected in the modern seismic structure of the 

region. In this study, we use P-wave receiver function images to investigate the 

crustal and uppermost mantle discontinuity structure beneath central Anatolia, and 

find links between crustal and upper mantle variations and Miocene-recent uplift and 

volcanism.  

 

 

2-2- The Amalgamation of Anatolia 

 

Anatolia has a long tectonic history of subduction and accretion of continental 

fragments that ends with the present-day westward extrusion and escape of the 

Anatolian plate. We briefly summarize the tectonics of central Anatolia by first 

describing the subduction/collision history followed by a brief description of the 
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present day structures that dominate deformation in Anatolia during its more recent 

history. 

 

The crustal architecture of Anatolia is the result of the collision and accretion of 

continental fragments as crustal-scale nappes during the closure of the Neo-Tethys 

Ocean in the Cretaceous. These accreted crustal fragments are separated by sutures 

zones marked by ophiolite complexes and mélanges (Figure2-1). In the north, the 

Izmir-Ankara-Erzincan Suture Zone (IAESZ) demarcates the closure of the northern 

branch of the Neo-Tethys Ocean that separates the Pontides in the north from the 

Anatolide-Tauride and Kırşehir Blocks to the south (Şengör & Yılmaz 1981), while 

the Inner-Tauride Suture (ITS) separates the Kırşehir Block from the Anatolide-

Tauride Block in central Anatolia. In general, the Anatolide-Tauride Block 

represents a Gondwanan-derived continental fragment comprising deformed and 

variably metamorphosed subduction-related rocks with higher-degrees of 

metamorphism in the north and west along the IAESZ and ITS. Away from the 

suture zones, deformation is characterized by fold and thrust belt formation and a 

lower degree of metamorphism, which occurred during the collision and accretion of 

this block during the Cretaceous to Eocene (Okay & Tüysüz, 1999). The Kırşehir 

block, composed of mainly Cretaceous-age high temperature metamorphic rocks and 

igneous intrusions (Göncüoğlu et al. 1991), is separated from the Anatolide-Tauride 

block along the more controversial ITS (Figure2-1). This suture zone is thought to 

represent the closure of a smaller ocean basin formed from rifting of the Gondwanan 

continental margin (Okay & Tüysüz, 1999; Whitney and Davis. 2006; Gürer et al., 

2016), however, more recent work pointed out the lack of geologic evidence for late-

Cretaceous subduction initiation along Inner-Tauride Suture (van Hinsbergen et al., 

2016, Gürer et al., 2016). The triangular shaped Kırşehir Block (Figure2-1) which is 

also known as the Central Anatolian Crystaline Complex, is composed of mainly 

Cretaceous age high temperature metamorphic rocks and igneous intrusions 

(Whitney et al. 2003, Whitney and Hamilton 2004). The Anatolide-Tauride Block is 

composed of non-metamorphosed platform carbonates forming Tauride Mountains 
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in the south and metamorphosed passive margin sequences in the north (Okay 1984). 

In the Tauride Mountains at the southern margin of Anatolia, the older deformed 

rocks of the Anatolide-Tauride Block are overlain by late-Miocene platform 

carbonates. Further to the east, the Bitlis-Zagros Suture Zone represents the closure 

of the southern branch of the Neotethyan Ocean (Şengör and Yilmaz, 1981) that 

separated the Eurasian margin from the incoming Arabian Plate in the Oligocene. 

The structures imposed by the collision and accretion of these continental fragments 

play a significant role in controlling the more recent deformation of Anatolia by 

acting as zones of weakness that have in part been reactivated in response to a major 

change in the deformational character of the Anatolian region initiating in the 

Miocene. 

 

 

2-3- Tectonic Structures of the Anatolian Plate 

 

Today, the processes occurring along its southern margin mainly control the stress 

state of the Anatolian Plate. Despite the similar tectonic evolution of the Anatolian 

region prior to the Miocene, large lateral variations in crustal thickness, gravity, 

volcanism and geophysical properties in the Anatolian plate are observed (Vanacore 

et al., 2013; Ates et al., 1999; Mutlu & Karabulut 2011; Govers and Fichtner 2016). 

In the east, the collision of Arabia and Eurasia initiating in the Oligocene lead to 

largely compression-related deformational structures and seismicity (Şengör et al., 

2008), while in the west, the southward migration of the Aegean trench presumably 

caused by slab rollback has led to regional-scale large magnitude extension and the 

exhumation of metamorphic core complexes since the early Miocene (Ring et al., 

2010). Thus, the Miocene to recent evolution of Anatolia, and the structures along 

which deformation is localized, may exert an important control on the present-day 

seismic structure of the region.  
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Presently, the Anatolian Plate is defined by two conjugate strike-slip fault zones: the 

roughly W-E striking North Anatolian Fault Zone (NAFZ) that separates the 

Anatolian and Eurasian plates, which formed in the mid-Miocene in eastern Anatolia 

(Şengör et al., 2005), and the late Miocene - Pliocene NE-SW striking East 

Anatolian Fault Zone (EAFZ) that separates the Anatolian and Arabian or Eurasian 

plates (e.g. Şengör et al., 1985) (Figure2-1). These major neotectonic structures 

appear to exploit the lithospheric weaknesses created during the amalgamation of 

Anatolia, with the NAFZ roughly following the trace of the Izmir-Ankara-Erzincan 

Suture Zone (Şengör et al., 2005) and the EAFZ following the western portion of the 

Bitlis-Zagros Suture. Further to the south, the Dead Sea Fault Zone accommodates 

the differential motions of the Arabian Plate (~15 mm/yr northerly motion) and 

African Plate (~5 mm/yr northerly motion) with respect to Eurasia (Reilinger et al. 

2006).  

 

Central Anatolia represents the transition between the compressional deformation in 

the east and the highly extensional deformation of the Aegean in the west. Central 

Anatolia includes the Taurus Mountains, a high (>1.5 km) elevation mountain range 

that comprises most of the southern part of the Anatolide-Tauride Block in this 

region, and the Kırşehir Block (Figure2-2) (Şengör et al. 1985). Taken together this 

region has more recently been termed the Central Anatolian Plateau. 
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Figure 2-2: The topographic map of the study area showing key tectonic features (young 
volcanism, faults and suture zones) along with the location of seismic stations used in this 
study. White inverted triangles are, CD-CAT stations; yellow inverted triangles are KOERI 
stations; red polygons are Neogene-recent volcanic deposits; solid black lines are major 
structures and suture zones; white unfilled triangles are Holocene volcanoes. CAFZ: Central 
Anatolian Fault Zone; CAVP: Central Anatolian Volcanic Province; DSFZ: Dead Sea Fault 
Zone; EAFZ: East Anatolian Fault Zone; KF: Kozan Fault; SAVF: Savcılı Fault; SRF: Sarız 
Fault; TGB: Tuz Gölü Basin; TGFZ: Tuz Gölü Fault Zone. 

 

 

 

The Central Anatolian Fault Zone (CAFZ) which in part appears to exploit the 

lithospheric-scale weakness of the Inner-Tauride Suture, separates the carbonate 

nappes of the Anatolide-Tauride Block from the highly deformed and 

metamorphosed rocks in the Kırşehir block (Figure2-2). The CAFZ is mainly a 

transtensional fault structure with low magnitude left-lateral offsets during the 

Miocene (Koçyığıt & Beyhan 1998); however, robust changes in Pn velocities and 

Bouguer gravity across the CAFZ between the Kırşehir and Anatolide-Tauride 

Blocks show distinctly different crust/upper mantle structures on either side of the 

CAFZ (Ates et al. 1999; Gans et al. 2009; Mutlu & Karabulut 2011). While up to 75 
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km total lateral displacement can be observed on some portions of the CAFZ, a 

recent geomorphological study shows a transition to W-E extension along the CAFZ 

near Mt. Erciyes since late Pliocene times (Higgins et al. 2015) leading to the 

development of a pull-apart basin that has been exploited by Miocene-recent 

volcanism of the Central Anatolian Volcanic Province (CAVP) (Toprak & 

Göncüoğlu 1993; Toprak 1998).   

 

The Central Anatolian Volcanic Province can be characterized as a NE-SW trending 

(Figure2-2), middle-late Miocene to Holocene calc-alkaline to alkaline volcanic 

complex (Innocenti et al., 1975; Toprak, 1998; Toprak and Göncüoğlu, 1993; Piper 

et al. 2002; Aydın et al. 2012) that consists of pyroclastic deposits and lava flows, 

which apparently young from northeast to southwest (Scheiffarth et al., 2015). 

Recently, Aydın et al. (2014) identified Pleistocene bimodal volcanic activity in the 

southwestern part of the CAVP suggesting a transition from calc-alkaline to Na-

alkaline composition at the latest phase of volcanism in agreement with recent 

contribution of asthenospheric mantle, as further verified by geochemical signatures 

in young (<2 My) primitive basalts intruded into the Anatolide-Tauride Block (Reid 

et al., 2017). 

 

The Tuz Gölü Fault Zone (TGFZ) which is one of the major active transtensional 

structures in the region, is a right-lateral strike-slip fault zone with large normal 

component (Özsayın et al. 2013). This NW-SE trending fault zone juxtaposes the 

crystalline rocks of the Kırşehir Block and the thick sedimentary deposits of the Tuz 

Gölü Basin (Cemen et al. 1999), which obscures the surface trace of the Inner-

Tauride Suture in the southwest (Figure 2-2). The Savcılı Fault, which is oriented in 

a WNW-ESE direction, developed during the Paleogene as a left-lateral 

transpressional structure accommodating vertical axis rotations; this has led to ~20 

km lateral offset between the Mesozoic intrusive bodies of the Kırşehir Block 

(Lefebvre et al. 2013).  
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The East Anatolian Fault Zone (EAFZ) can be characterized as a broad (~20 km) 

left-lateral fault zone with a slip rate ~6 to 10 mm that bounds the westward-

escaping Anatolian plate in the southeast (Bulut et al., 2012; Reilinger et al. 2006; 

Bozkurt 2001) (Figure 2-1). The East Anatolian Fault Zone initiated in the late 

Miocene-Pliocene and links to the North Anatolian Fault Zone at the Karlıova Triple 

Junction (Bozkurt 2001). To the south, the East Anatolian Fault Zone roughly 

follows the Bitlis-Zagros Suture between the Eurasian and Arabian plates and 

connects with the Dead Sea Fault, forming a triple junction between the Anatolian, 

Arabian and African plates (Figure 2-2). Further south, the East Anatolian Fault 

Zone branches into different faults towards the Adana Basin (Muehlberger and 

Gordon 1987). The Sarız fault, which is located between the CAFZ and EAFZ, is 

characterized by ongoing left-lateral strike-slip motion accommodating internal 

deformation across the Central Taurus Mountains (Kaymakçı et al.  2010).   

 

The Adana Basin is a large, extensional Neogene basin along the southern margin of 

the Taurus Mountains (Figure 2-1). The transtensional Kozan Fault, which bounds 

the basin from north, is characterized by ~5 mm/yr left-lateral slip estimated from 

delta lobes (Aksu et al. 2014) and is considered the northernmost branch of the 

EAFZ that may have contributed some of the differential uplift between the Central 

Taurus Mountains and the Adana Basin (Aksu et al. 2005; Aksu et al. 2014; Radeff 

et.al, 2015). 

 

Although much of the Anatolide-Tauride Block underwent folding and faulting and 

associated its accretion, recent results from the Topo-Europe indicate that along the 

southern margin of Anatolia, the Central Taurus Mountains have undergone two 

episodes of uplift since the late Miocene, leading to ~2 km of cumulative uplift 

based on biostratigraphic data from undeformed carbonate sequences (Cosentino et 

al. 2012; Schildgen et al. 2014; Radeff et al. 2015). This rapid uplift without 

evidence for Miocene shortening in the region has been interpreted as a result of 
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mantle processes including lithospheric delamination (Cosentino et al. 2012; Bartol 

& Govers 2014; Radeff et al. 2015) and/or processes associated with the breaking up 

of the downgoing African lithosphere (Schildgen et al. 2012; Schildgen et al. 2014). 

Based on teleseismic tomography, Biryol et al. (2011) suggested that the subducting 

Arabian oceanic lithosphere that was attached to the northern edge of the Arabian 

Plate has completely broken off, while the African/Tethyan lithosphere to the west is 

in the process of tearing and breaking apart as the African Plate moves northward 

and collides with the Anatolian margin. 

 

 

2-4- Data and Methods 

 

A total of 310 teleseismic events (distances between 30° and 95°) with magnitudes 

>5.5, recorded between May 2013 and May 2015 are used in our P-wave receiver 

function analysis (Figure 2-3). We used data from 72 broadband seismic stations that 

were part of the CD-CAT experiment and 26 Kandilli Observatory and Earthquake 

Research Institute (KOERI) stations in our analysis. The teleseismic earthquake 

distribution is dominated by events with backazimuths between 30° and 95° 

corresponding to Japan, Mariana, Ryukyu, Philippine, and Kuril trenches (Figure 2-

3). In order to increase our backazimuthal coverage to ensure results are not spatially 

biased, we incorporate PP receiver functions (e.g. Frassetto et al. 2011) from 190 

events > 6 M with epicentral distances of 95° – 180° from our network. As South 

America falls in this distance range, it allows us to densely sample the southwestern 

backazimuth of our study area. In order to avoid any interference from the arrival of 

PKS phases on the radial component, events with distances between 137° to 152° 

(distances where the PKS phase will arrive within 50 seconds of PP) are omitted.  
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Figure 2-3: Global distribution of events used in our receiver function analysis. Blue circles 
represent events used for P-wave receiver functions (30 – 95 degree epicentral distances) 
and red circles represent events used for PP receiver functions (>95 degree epicentral 
distances). Red circles show 30 and 95 degrees distance from the center of the network 
shown by green star. 

 

 

 

Receiver functions are very sensitive to impedance contrasts beneath a station, 

allowing us to gain insight into the magnitude of velocity changes across 

discontinuities. Large impedance contrasts over a short depth interval will be 

expressed as a high amplitude Gaussian pulse over a short time interval; conversely 

low amplitudes pulses over long time intervals correspond to velocity gradients. For 

both P and PP events, we perform a time-domain iterative deconvolution (Ligorria & 
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Ammon 1999) on vertical and radial component data filtered between 0.07 and 3 Hz 

to compute P-s receiver functions with a 2.5 Gaussian pulse width corresponding to 

1.2 Hz center frequency (~1 km vertical resolution with considering average crustal 

shear velocities). For quality control, we first inspect each event-station pair, and 

those without a clear P or PP arrival are discarded. Then, calculated receiver 

functions with a low variance reduction (less than 0.7) are discarded along with 

anomalous receiver functions. For the final QC step, we use the Funclab software 

(Eagar & Fouch, 2012) to visually inspect the calculated receiver functions. 

 

 

2-4-1- Calculation for Crustal Thickness and Vp/Vs: Stack Windowing Analysis 

 

The migration of receiver function to depth requires information on the Vp/Vs ratio 

of the crust and uppermost mantle. By identifying multiples from the Moho Ps 

conversion in receiver functions, the Vp/Vs ratio of the crust beneath a station can be 

determined.  H-κ stacking (Zhu & Kanamori, 2000) is a simple and automated way 

to measure crustal thickness (H) and Vp/Vs ratios (κ) through the summation of the 

primary (Ps) conversion from the Moho and its associated multiples (PpPs and PsPs 

+ PpSs, respectively) assuming flat-lying homogeneous layers, However, the 

effectiveness of H-κ stacking diminishes in tectonically complex regions, when the 

assumption of flat, homogeneous layering breaks down, leading to difficulty in 

identifying the correct crustal thickness and Vp/Vs (Figure 2-4). Thus, we prefer a 

more manual method for identifying the multiples from the Moho discontinuity in 

tectonically complex areas, which we call Stack Windowing Analysis (SWA).  

 

SWA builds on previous approaches in estimating κ through the manual picking of 

the Ps conversion and the PpPs multiple (Zandt and Ammon, 1995). Since single 
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earthquake traces can be contaminated with noise, we stack all receiver functions at 

an individual station to increase the signal-to-noise ratio of the data after normalizing 

the amplitude of a trace and correcting for moveout. We then choose a time window 

around the Ps and PpPs arrivals on the stacked trace, with the maximum amplitude in 

the time window being automatically chosen as the conversion of interest. From 

these times, we can calculate κ and H as follows (Zandt and Ammon, 1995): 

 

t = 	=]1 − u'&*'b 9 2v#$v#*#$ − v#$ + 1:' +	u'&*' 

 

� =	 v#$ ∗ &C
t ∗ 31 − u' 4	xy 7' −31 − u'&*' 

 

where Vp is an assumed value for average P-wave velocity in the crust (6.1 km/sec in 

this study) that generally has a small effect on overall crustal thickness estimates 

(Zhu & Kanamori, 2000), ρ is an arbitrary ray parameter, but should be the same as 

the ray parameter used to correct for moveout in the stacking routine, and Tps and 

TPpPsare the time picks from the stacked receiver function at a station of interest. 

Errors are then estimated by comparing the chosen arrivals from the stacked trace 

with time of the maximum amplitudes in the chosen time window on individual 

traces by taking the standard deviation of the time differences. Using this uncertainty 

in a standard propagation of errors calculation, we can estimate errors in κ and H as 

follows: 
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Where ∆ is the standard deviation of the measurement. This technique, while 

requiring more interaction than H-κ stacking, allows for an improved recovery of 

both crustal thickness and Vp/Vs ratios where traditional H-κ stacking analysis may 

struggle, while obtaining very similar results in areas of simple crustal structure 

(Figure 2-4).  

 

 

 

 
 

Figure 2-4: Comparison between H-k Stacking Analysis and Stack Windowing Analysis 
(SWA) for two stations. A) H-k result for station AT30 representing a good H-k solution. B) 
H-k results for station AT32 representing poor H-k solution. C) SWA result for station AT30 
showing good agreement with H-k method. D) SWA result for station AT32 showing that a 
good result can be found without having to modify H-k parameter search space. Red, green 
and black asterisks represent the expected times of Ps and its first and second multiples with 
35km crustal thickness and 1.7, 1.8 and 1.9 Vp/Vs ratios respectively. Red dot shows the 
time of the maximum amplitude of the stacked receiver function in selected time window. 
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2-4-2- Adaptive Common Conversion Point (CCP) Stacking 

 

In order to resolve spatial variability in the crust and uppermost mantle, we utilize 

CCP Stacking Analysis (Dueker & Sheehan 1997) to create a 3D volume of receiver 

function amplitude. In this analysis, the region of interest is gridded into bins based 

on user defined width and spacing. Receiver functions are migrated to depth and ray-

traced back to their theoretical locations in the Earth, and receiver function 

amplitudes that fall within the same bin are averaged to represent the structure in that 

bin. To compute the theoretical ray paths in our dataset, we use a regional 1D 

velocity model derived from the shear wave velocity model of Delph et al. (2015a), 

which comprises a Vs = 3.4 km/s crust and Vs = 4.2 km/s mantle with a constant 

Vp/Vs ratio of 1.78 and crustal thickness of 38 km. Although this 1D velocity model 

doesn’t account for the variability in crustal thicknesses and velocities throughout 

our region, the differences that arise in ray tracing receiver functions to obtain 

piercing points based on a 1D model as opposed to a 3D model are very minor, 

especially in the crust. However, variability in Vp/Vs can have a significant effect on 

the depth to discontinuities (Zhu & Kanamori 2000). We account for these lateral 

variations in velocity structure by creating a 3D velocity model that applies timing 

corrections to the ray-traced receiver functions so that conversions are mapped to 

their proper locations at depth (Eagar et al. 2010). Boundaries in this 3D velocity 

model are derived from the crustal thickness and Vp/Vs results from SWA in this 

study (Figure2-4) and the average shear wave velocities in the crust from Delph et al. 

(2015a). For the mantle, a Vs of 4.2 km/s was assumed based on the results of Delph 

et al. (2015a) and Fichtner et al. (2013) with a constant Vp/Vs of 1.78. In order to 

maximize spatial resolution in this study, we follow the adaptive common 

conversion point approach of Delph et al. (2015b), which allows our bin width to 

dilate from 0.3 to 1 degree until each bin has at least 10 rays.  
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2-5- Results 

 

By investigating the crustal thickness and Vp/Vs results from SWA (Figure 2-5), 

conversion amplitudes (Figure 2-6), and cross-sections generated from adaptive CCP 

stacking analysis (Figure 2-7), we can gain insight into the characteristics of the crust 

and crust-mantle boundary throughout central Anatolia. 

 

 

 

Figure 2-5: Results of Stack Windowing Analysis for (a) Crustal thickness and, (b) bulk 
crustal Vp/Vs. Red triangles are Holocene volcanoes; blue and black triangles are seismic 
stations; black bold lines are major tectonic structures; solid thin lines are contour intervals 
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Crustal thickness estimates throughout the region are variable and correlate well with 

tectonic structures (Figures. 2-5a and 2-7). The thickest crust in the region 

corresponds with the eastern Taurus Mountains, where crustal thickness estimates 

are generally high (>40 km) with values reaching up to 45 km (Figures. 2-5a and 2-

7c). The Adana Basin to the south of the Taurus Mountains is characterized by thin 

crust (<35 km) with measurements as low as 25 km, indicating crustal thickness 

changes of up to 15 km over ~60 km lateral distance (Figures. 2-5a and 2-7d). A 

similar relationship is seen on the southwestern margin of the Kırşehir block, where 

crustal thicknesses are as low as 30 km (Figure 2-5a) in the Tuz Gölü Basin. Thin 

crust (~30 km) also characterizes the Anatolian Plate near the EAFZ and the Arabian 

plate. In the Central Anatolian Volcanic Province and much of the Kırşehir Block, 

crustal thickness ranges from 35-40 km (Figure 2-7e).  

 

The estimates of bulk crustal Vp/Vs values are variable but show some apparent 

trends (Figure 2-5b). To first order, the thick crust (>40 km) beneath the Taurus 

Mountains are associated with elevated Vp/Vs ratios (>1.85) (Figure 2-5b). In 

contrast, the CAVP exhibits slightly lower Vp/Vs (1.75-1.8) values (Figure 2-5b) 

suggesting that the effect of Neogene volcanism to bulk Vp/Vs of the crust is rather 

limited. The Adana basin is also characterized by low Vp/Vs (<1.8) values except in 

the east near the young mafic volcanics, which coincides with a high Vp/Vs (>1.85) 

anomaly, (Figure 2-5b). The lowest Vp/Vs ratios (~1.7) are found along the IAESZ 

near the northwestern Kırşehir Block (Figure 2-5b), possibly reflecting higher SiO2 

content as silica inversely correlates with Vp/Vs ratio (Christensen 1996). 
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Figure 2-6: Negative receiver function amplitudes between 10 and 30 km below surface 
normalized to coherence peak from CCP stacking. Cold colors indicate regions with large 
magnitude negative arrivals, possibly indicative of the presence of fluids/melts in the crust. 
Depth to maximum negative amplitude shown by white numbers.  Black lines show major 
tectonic structures and sutures; white lines indicate outlines of the Neogene to recent 
volcanic deposits; blue/black inverted triangles are CD-CAT and KOERI stations; white 
triangles are Holocene volcanoes. 

 

 

 

Through the investigation of conversion amplitudes in receiver functions, we can 

gain insight into the relative impedance contrast in the crust. We observe high 

negative conversions in the mid-crust in 2 distinct regions: 1) near the boundary of 

the Anatolian and Arabian plates near the EAFZ (Figures. 2-6, 2-7c and 2-7d), 2) 

along the Central Anatolian Volcanic Province, where the southern anomalies show 

an apparent offset across Tuz Gölü Fault Zone (from 22 to 15 km; Figures. 2-6, 2-7a 

and 2-7b). These anomalies are further discussed below. 
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Figure 2-7:  (a-e): CCP stacks throughout central Anatolia with 150% vertical exaggeration 
and location map of these sections (on the right). On the cross-sections, black lines represent 
the terrane/plate boundaries or major faults; dashed lines represent the continental 
Mohorovičić (Moho) discontinuity; black dots represent the relocated earthquakes across the 
region taken from Turkelli et al. (2015). TGFZ, Tuz Gölü Fault Zone; CAFZ, Central 
Anatolian Fault Zone; EAFZ, East Anatolian Fault Zone; KF, Kozan Fault; SRF, Sarız Fault. 
Note that the cross-section FF’ is shown in Figure2-8 
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2-6- Discussion 

 

2-6-1- Nature of Crustal Boundaries in the central Anatolia 

 

A rapid change in crustal thickness corresponds to the location of the East Anatolian 

Fault Zone and Bitlis-Zagros Suture (Figures. 2-7c and 2-7d). While it is difficult to 

know whether this crustal thickness variation is due to the evolution of the East 

Anatolian Fault Zone or reflects the juxtaposition of the Arabian lithosphere against 

more deformed and thickened Anatolian lithosphere, these variations extend further 

east than the East Anatolian Fault Zone along the Bitlis-Zagros Suture (e.g., Özacar 

et al., 2010). Thus, it is likely that these variations are due to the collision of Arabia 

with Eurasia, generating thicker crust north of the suture zone, rather than transform 

movement along the East Anatolian Fault Zone. However, as convergence between 

Arabia and Eurasia proceeded, this variation in crustal thickness may have served as 

a boundary along which stress could be localized, leading to the development of the 

East Anatolian Fault Zone in Pliocene times as a lithospheric-scale transform fault 

controlling tectonic escape of the Anatolian Plate. In central Anatolia, the Moho 

beneath the Tuz Gölü Fault Zone seems to be continuous, while the low velocity 

layers at mid-crustal depths are offset, indicating that the Tuz Gölü Fault represents a 

tectonic structure limited to the upper-mid crust (Figures 2-7a and 2-7b).  

 

A large decrease in crustal thickness also occurs at the transition from the Taurus 

Mountains (>40 km) into the Adana Basin (~30 km) over a relatively short lateral 

distance (~60 km). This pronounced crustal thinning corresponds to the Kozan Fault, 

which is thought to be a transtensional splay fault of the EAFZ (Aksu et al. 2014). 

However, the identified motion on the Kozan Fault is not sufficient to accommodate 

the 2 km uplift of the Taurus Mountains since the late Miocene. According to the 

depth contours of subducting African lithosphere extracted from teleseismic 

tomography (Biryol et al. 2011), the Adana basin is located east of the Cyprus slab in 
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an area where no subducting lithosphere is imaged, suggesting minimal sensitivity to 

processes related to slab dynamics. In addition, the Adana basin was located at the 

leading edge of the fold and thrust belt, experiencing limited crustal thickening 

compared to the over thickened crust of the Anatolide-Tauride Block. We interpret 

the Adana Basin as a diffuse transtensional plate boundary between the Anatolian 

and African plates which was likely formed as a piggy back basin. 

 

Across the eastern segment of the Inner-Tauride Suture that spatially coincides with 

a portion of the Central Anatolian Fault Zone, a thinning of the crust in the Kırşehir 

Block/Tuz Gölü Basin is observed (Figures2-5a, 2-7b, 2-7d and 2-7e). Many 

previous geophysical studies have found drastic changes in various geophysical 

properties (e.g. Bouguer gravity anomaly, Ates et al. 1999; Pn velocities, Gans et al. 

2009; shear wave velocities, Warren et al. 2013 and Delph et al. 2015a). We interpret 

the differences in geophysical characteristics on either side of the suture to reflect 

these observed differences in crustal thickness rather than previous interpretations 

that the upper mantle is slower to east of the Inner-Tauride Suture than to the west 

(Gans et al., 2009).  To the west, the crust of the Tuz Gölü Basin and the southern 

Kırşehir Block is relatively thin (~30 km), thickening gradually to the northeast. As 

this thin crust crosses the inferred location of the Inner-Tauride Suture, it indicates 

that the true location of the Inner-Tauride Suture, at least in the lower crust, may be 

located further to the northeast near the surface trace of the Tuz Gölü Fault.  

 

 

2-6-2- Low Velocity Zones in the Central Anatolian Volcanic Province 

 

We observe multiple large, negative amplitude conversions beneath most of the 

Central Anatolian Volcanic Province indicative of the presence of a velocity 

decrease with depth (Figure2-6). The top of the velocity decrease is shallower 
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beneath the Anatolide-Tauride Block (15 km) than it is beneath the Kırşehir Block 

(22 km) (Figures2-6, 2-7a and 2-7b). The northern anomaly beneath the Central 

Anatolian Volcanic Province at 18 km depth is the largest negative amplitude 

anomaly (Figures2-6 and 2-7a), and correlates well with the inferred centers that fed 

the eruptions of large ignimbrite deposits throughout central Turkey (Aydın et al. 

2012). If these low velocity layers are associated with crustal melt that is sourcing 

the Central Anatolian Volcanic Province, we might expect high Vp/Vs ratios in the 

region. However, the bulk crustal Vp/Vs ratios are not consistent with a substantial 

amount of melt in this area (~1.75), suggesting that if these velocity decreases 

represent the presence of partial melts, they must be confined to relatively thin layers 

(Figure2-5b). The negative anomaly located near the boundary of the Anatolian and 

Arabian plates at a depth of 19 km (Figure2-6) also correlates well with the recent 

small-volume mafic volcanic activity (Rojay et al. 2001), and may represent a mafic 

sill that has stalled in the crust.  

 

 

2-6-3- Uplift of the Central Taurus Mountains 

 

Schildgen et al. (2014) identified multiple episodes of uplift of the Central Taurus 

Mountains along the southern margin of the Central Anatolian Plateau initiating in 

the late Miocene-Pliocene and followed by a late Pliocene-early Pleistocene episode 

of faster uplift that may be related to the arrival of the Eratosthenes Seamount along 

the subduction margin near Cyprus (Schildgen et al. 2012a). These events are 

consistent with uplift observed in Cyprus, which shows uplift similar in magnitude 

and timing to what has occurred in the Central Taurus Mountains (~2 km of uplift in 

the last ~6 Ma; Morag et al., 2016).  The proposed mechanisms for this uplift are 

generally related to slab break-off. Originally, Cosentino et al., (2012) proposed that 

the upwelling of asthenosphere after slab break-off was responsible for the uplift, 

while Schildgen et al., (2012, 2014) later interpreted that some of the uplift could be 
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attributed to the topographic response of slab break-off (e.g., Duretz et al., 2011) 

without requiring the influx of asthenosphere to support the elevations of the Central 

Taurus Mountains. 

 

Our results show a good correlation of crustal thickness and elevation in the Taurus 

Mountains (Figure2-5a). The Central Taurus Mountains have average elevations of 

~1.5-2.0 km and a crustal thickness of ~40 km. While Airy isostasy depends on 

assumptions made about crustal and upper mantle density that are generally not well 

constrained, these crustal thicknesses and elevations are consistent with an 

isostatically compensated crust. Also, the presence of a fast seismic velocity 

anomaly in the uppermost mantle beneath the Central Taurus Mountains, interpreted 

as representing the subducting African lithosphere (Bakırcı et al., 2012) indicates 

that the presence of asthenosphere beneath the Central Taurus Mountains is unlikely. 

Consistent with this fast velocity anomaly, we observe a weak positive amplitude 

conversion at depths ~65 – 80 km beneath the Central Taurus Mountains that 

spatially corresponds to the top of the slab imaged by Bakırcı et al. (2012) (Figures2-

7c, 2-7e and 2-8). This discontinuity can be traced to the northern edge of the Central 

Taurus Mountains, and disappears abruptly near the southernmost extension of the 

Central Anatolian Volcanic Province, which displays young volcanism with 

geochemical characteristics consistent with asthenospheric input (Reid et al., 2017) 

(Figure2-8). The dip of this discontinuity is subhorizontal, indicating the shallow, 

aseismic underthrusting of the African lithosphere. At greater depth, the Cyprus slab 

appears segmented in the teleseismic P wave tomography images, suggesting that the 

slab is currently in the process of detachment beneath central Anatolia (Biryol et al. 

2011). 

 

Based on these results, the fast shear velocities imaged beneath the Central Taurus 

Mountains (Bakırcı et al., 2012), and the geochemical signatures indicating an input 

of asthenospheric material immediately to the north in the CAVP (Reid et al., 2017), 
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we propose that rollback of the Cyprus slab initiated by at least mid-Miocene times 

as indicated by extensional exhumation in the Kırşehir Block (Whitney and Dilek 

1997, Whitney et al. 2003, Fayon and Whitney 2007) and the initiation of volcanism 

in the Central Anatolian Volcanic Province (Le Pennec et al., 1994; Aydar et al., 

2012), Because of this rollback, the Central Taurus Mountains subsided due to the 

increased load of a vertically dipping slab, allowing for the deposition of Late 

Miocene marine sediments. In the late Miocene-Pliocene, the Central Taurus 

Mountains were characterized by thick crust most likely uplifted to attain isostatic 

balance. The segmentation of the Cyprus slab accelerated probably just after the 

collision of Eratosthenes Seamount with the ongoing African subduction and 

resulted in recent slab break-off, followed by slab rebound and subsequent rapid late 

Pliocene-early Pleistocene uplift in the overriding plate (Buiter et al. 2002, Duretz et 

al. 2011) which has formed the modern topography of the southern margin of the 

Central Anatolian Plateau (Figure2-8). This slab roll back and final break-off would 

create space for the upwelling of asthenospheric material to reach the base of the 

lithosphere beneath central Anatolia, leading to the geochemical signatures 

volcanism found in the CAVP (Reid et al., 2017).  
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Figure 2-8: CCP stack cutting through Taurus Mountains and CAVP (transect F-F’ shown in 
the location map of Figure2-7) and its interpreted section. Volcanism and high elevations of 
the Central Anatolian Plateau could be associated with the influx of asthenosphere around 
the edge of the African lithosphere. ITS, Inner Taurid Suture; SAVF, Savcılı Fault; TGFZ, 
Tuz Gölü Fault Zone. Red and black triangles are the projection of nearby Holocene 
volcanoes and seismic stations onto the cross-section respectively. Red lines indicate the top 
of the low velocity zones in the crust. Red curved arrows show the upwelling asthenospheric 
material. The slab is taken from surface wave tomography (after Bakırcı et al. 2012). Inset: 
Grey colors represent the position of the slab and Taurus marine carbonates before the slab 
break-off and black lines outline their positions after the slab break-off. 

 

 

 

2-7- Conclusion 

 

This study uses recently acquired seismic data from the CD-CAT seismic 

deployment to produce the highest-resolution images of crustal variability in central 

Anatolia to date. Overall, we data from 500 teleseismic events recorded by 92 
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broadband seismic stations for the calculation of P and PP receiver functions. We 

analyze crustal thickness and Vp/Vs ratios for this dataset using Stack Windowing 

Analysis (SWA), which represents an interactive alternative to H-k Stacking 

Analysis in tectonically complex regions. Additionally, we utilize adaptive CCP 

Stacking Analysis to generate an amplitude volume representing depths to 

impedance contrasts that allows us to gain insight into the lateral seismic variations 

of the crust and upper mantle in central Anatolia. 

 

Our main findings are summarized as follows: 

1) Crustal thickness measurements correlate well with high elevations 

supporting isostatically compensated crust. The thickest crust is found in 

the Taurus Mountains (>40 km), and crustal thicknesses decreased 

rapidly to the south in the Adana Basin (<35 km) and Arabian Plate (~30 

km), and to the northwest beneath the Tuz Gölü Basin (~30 km) and the 

Kırşehir Block (35-40 km). 

 

2) Bulk Vp/Vs estimates are highly variable in the region. Generally, high 

Vp/Vs ratios (>1.85) are observed across the Taurus Mountains, while 

lower Vp/Vs ratios (~1.7) are observed along the IAESZ that bounds the 

Kırşehir Block to the northwest.  

 
 

3) Multiple low velocities zones displaying large negative impedance 

contrasts are observed between 15 and 25 km depth near the EAFZ and 

beneath the CAVP and may correspond to mid-crustal magma reservoirs 

feeding surface volcanism.  

 

4) A gently-dipping positive amplitude anomaly interpreted as the Moho of 

the underthrusting African lithosphere lies between 65 and 80 km depth 
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beneath the Central Taurus Mountains. This anomaly abruptly ends just 

south of the CAVP, where young volcanism shows geochemical 

indicators for asthenospheric input in agreement with  slab break-off and 

subsequent rebound coeval with the onset of late Pliocene-early 

Pleistocene rapid uplift rising the late Miocene marine sequences ~2 km 

above the present day sea level. 
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CHAPTER 3   

 

 

 

CRUSTAL STRUCTURE ACROSS THE CENTRAL SEGMENT OF THE 
NORTH ANATOLIAN FAULT ZONE AND ITS RELATION WITH OLD 
SUTURES: NEW CONSTRAINTS FROM RECEIVER FUNCTIONS 

 

 

 

The North Anatolian Fault Zone (NAFZ) is an active continental transform plate 

boundary that accommodates the westward extrusion of the Anatolian plate. The 

central segment of NAFZ displays northward convex surface trace which coincides 

partly with the old suture zones. The depth extent of NAFZ and detailed structure of 

the actively deforming crust in the region is still under much debate. Moreover, the 

locations of existing terrane boundaries in the subsurface and processes responsible 

from rapid uplift are yet to be addressed. In this study, over five thousand high 

quality P receiver functions are computed using teleseismic earthquakes recorded by 

permanent stations of national agencies and temporary North Anatolian Fault Passive 

Seismic experiment (2005-2008). According to our results, nature of discontinuities 

and crustal thickness display sharp changes across the main strand of NAFZ 

supporting a lithospheric scale faulting that offsets Moho discontinuity. In the 

southern block, crust is relatively thin in the west (∼35 km) and becomes thicker 

gradually towards east (∼40 km). In contrast, the northern block displays a sharp 

crustal thinning reaching up to 10 km towards east across a narrow roughly N-S 

oriented zone which is interpreted as the subsurface signature of the ambiguous 

terrane boundary most likely separating Central and Eastern Pontides. 
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3-1- Introduction 

 

 

North Anatolian Fault Zone (NAFZ) is one of the most famous strike-slip plate 

boundaries which is analogues in some features to the San Andreas fault zone in 

western US, however, is much younger. It is developed due extrusion of the 

Anatolian plate resulting from northward progression of the Arabian/ African plates 

(e.g. Şengör et al. 2005) and alongside with the East Anatolian Fault zone (EAFZ) 

are the major boundaries accommodating the escape of the Anatolian plate. West-

northwest is the dominant trend of this fault zone in the east which turns toward 

west-southwest in the western segments and shows northward convex in the central 

part (Figure 3-1a). This curved fault trend correlates well with the rotational motion 

between Anatolian and Eurasian plates with Euler pole located near the coastal 

region of Egypt (Le Pichon & Kreemer 2010) which fits the dense GPS 

measurements (McClusky et al., 2000,Reilinger et al. 2006). NAFZ extends for 

about roughly 1500 km from Karliova junction in the east to Gulf of Saros in the 

Aegean Sea in the west (Yolsal et al. 2011). Several devastating earthquakes are 

recorded in this zone in different periods of time which show a westward 

propagation pattern and recurrence time of ~200-400 years (Barka 1996, Stein et al. 

1997, Ambraseys 2002). The scattered earthquake activity along the NAF and the 

abundance of off-fault seismicity might be an indication of its young age and 

geological and structural complexity.  

 

NAFZ alongside with old sutures formed during the closure of Neotethys ocean are 

shaping the seismotectonic setting of the region which is affected in the past by 

amalgamation of several terranes (Şengör 1984, 1989, 1990a; Şengör & Natal’in 

1996). Pontides which is the main component of northern Turkey has a long and 

complex evolution history including multiple orogenic events, the Cimmerides and 

Alpides. The Cimmerides, in fact is the closure of the Paleo-tethys which caused the 
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collision of the Cimmerian continent to the southern Laurasia. In the back arc, the 

Neotethys started to develop and finally the closure of this ocean resulted in the 

collision of Pontides and Anatolide-Tauride block (Yılmaz et al. 1997). The Central 

Pontides is located around the northward convex central segment of NAFZ and in 

fact act as a knot connecting the Western and Eastern Pontides. 

 

Western Pontides composed of different zones including Sakarya continent, Istanbul-

Zonguldak and Armutlu-Almacık zones and Istranca massif. Eastern Pontides is 

composed of several parallel belts which have east-west extensions (Yılmaz et al. 

1997). The Istanbul-Zonguldak zone which was a south facing passive margin of 

Laurasia continent is an exception in the Pontides (Yılmaz et al. 1997). This zone is 

bounded from the south by the Intra Pontide Suture (IPS) which coincides with the 

NAFZ in the west. Okay et al. (1994) defined this zone as the Đstanbul terrane that 

moved south along two large transform faults (West Black Sea and West Criminean 

faults) opening the West Black Sea Basin (Figure 3-1a). Recently, Nikishin et al. 

(2015) suggested existence of another major wrench fault between the Central 

Pontides and the Eastern Pontides (Figures 3-1b). Actual position of so called Abana 

Fault is still enigmatic but assumed to be bounding the Central Pontides from east.  

 

In this study, seismic data acquired by the temporary seismic network, the NAF 

experiment (Beck and Zandt 2005, Biryol et al 2010) and permanent stations of 

national agencies are used for teleseismic P receiver function analysis to elucidate 

the current configuration of crust beneath the central segment of NAFZ. Using the 

common conversion point (CCP) bin picking method which developed during this 

study, crustal thickness and Vp/Vs variations are identified and high resolution 

images of the crustal discontinuities are constructed for interpretation.   
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Figure 3-1: a) Terrane map showing major sutures and faults modified from Okay et al. 
(1994). Location of seismic stations are shown by inverted triangles b) Pre-Black Sea Basin 
opening tectonic structure restoration of Nikishin et al. (2015). 
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3-2- Data and Methods 

 

Utilizing teleseismic P wave receiver function, demands the use of earthquakes with 

the focal distances between 30 and 95 degrees which are large enough to provide the 

required signal to noise ratios. In this study, total of 323 events with magnitudes 

larger than 5.5, recorded by the 39 broadband seismic stations deployed between 

2005 and 2008 as part of the NAF experiment, are used to compute P receiver 

functions. Additionally, total of 9 KOERI station lying within the region are also 

included in the analysis to decrease the spatial distance between stations and increase 

the resolution (Figure 3-2).  

 

The distribution of the used earthquakes are shown in figure 3-3a which 

demonstrates the dominance of the events sourcing from north and north east of the 

network, however, there are enough events sourcing from other directions to provide 

acceptable back-azimuthal coverage. The advantage of the receiver function analysis 

is its sensitivity to impedance contrast in an interface which makes this method 

suitable to image both negative and positive seismic discontinuities. This will be 

beneficial especially in regions with recent volcanic activity which are likely to have 

low velocity layers underneath the volcanos. 
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Figure 3-2: Tectonic map of the study area showing major faults, sutures, terranes 
and Neogene volcanism along with used broadband seismic stations (Modified after 
Okay and Tuysuz 1999). 

 

 

 

Prior to any process on the data, the quality of the recorded data was visually 

inspected and traces without a clear P wave in all three components were omitted. 

After first step of quality control, data have been filtered between 0.05 and 3 Hz and 

consequently, the iterative time domain deconvolution (Iterdecon) method which is 

developed by Ligorria and Ammon (1999) is performed to obtain the teleseismic P 

receiver function for each record pair. Deconvolution process took place with the 

Gaussian filter width of 2.5 which corresponds to ~1 Hz center frequency (providing 

roughly 1 km vertical resolution). Subsequently, the second step of quality control 

were performed which includes the inspection of the resulted receiver function traces 
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and all unusual traces or traces with low variance reduction values (below 0.7,  0.8 or 

0.9) were discarded.  

 

 

3-2-1- Calculation of crustal thickness and Vp/Vs ratio 

 

The calculated receiver function traces are in fact a series of time histories, therefore, 

a migration from time to depth domain is necessary. However, besides the depth of 

interface, there is another parameter (the Vp/Vs ratio) which has great impact on 

calculation of former. Hence, there is need for methods that resolve for both of these 

parameters simultaneously. Additionally, the known methods will not resolve for 

vertical variation of Vp/Vs ratio, therefore, the average Vp/Vs ratio of the entire 

column will be resolved. 
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Figure 3-3: a) the azimuthal distribution of the earthquakes used in this study. Red asterisk 
represents the center of the network, the red circles show the 35 and 90 degree distances 
from the center of the network, b) subsurface sampling in the CCP stacking, c) used 
converted phases and maximum summed amplitude location in H-K stacking (Zhu and 
Kanamori, 2000). 

 

 

 

3-2-1-1- The interactive phase picking CCP stacking method 
 

The Common Conversion Point stacking method (Dueker and Sheehan, 1997) is 

based on the stacking all traces which are allocated in the same 3 dimensional grid 

cell (bin). To achive this, after quality control and moveout corrections, all receiver 

function traces tracked back to their path and stacked together for each bin. The 

output trace is considered as the representative of that 3 dimensional grid cell. 
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During this process, a constant Vp/Vs ratio is assumed which in this study Vp/Vs 

ratio of 1.75 is used to generate primary CCP stacking sections (figure 3-3b and c). 

These sections are generated for both Moho conversion phase (Ps) and its first 

multiple (PpPs). Then these sections are used for interactive picking of the Moho 

depth for both of the mentioned phases. Afterwards, the picked values from previous 

step is used to calculate real Vp/Vs ratios and MOHO depth of each bin. Finally the 

calculated Vp/Vs ratios will be utilized to generate new CCP stack sections using the 

variable Vp/Vs values. The bin size used in this study is 30*30 km (surface area) 

with the bin spacing of 20 km which leads to 10 km of overlap between two adjacent 

bins.  

 

After picking the depths on both Ps and PpPs CCP plots (figure 3-3b), the crustal 

thicknesses of both phases will be used to recalculate the real Vp/Vs ratio for each 

bin as well as the MOHO depth (formulas I and II).  
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In which, �#$ and �#*#$ are depths from Ps and PpPs phases respectively. P is ray 

parameter, &C&DSTU$ is the constant Vp/Vs used to generate the initial cross sections. 
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Vp and Vs are compressional and shear wave Velocities respectively. H is corrected 

Moho depth and Vp/Vs is calculated true Vp/Vs. 

 

It worth to mention that if the picked depths for both phases are close the calculated 

Vp/Vs ratio and depth will not change from those of the constant Vp/Vs plots. 

However in case of different depth picks for Ps and PpPs phases, significant changes 

in both parameters would be expected. However, in general the final depth will be 

very close if not the same to the depth picked on PpPs phase (this phase shows less 

sensitivity to Vp/Vs ratio changes and the depth shows slight variation, figure 3-3c) 

 

 

3-2-1-2- The H-K stacking method 
 

The H-K method is an automated migration procedure which uses the MOHO 

conversion (Ps) and its reverberations (PpPs and PpSs+PsPs phases) to calculate the 

demanded parameters (Zhu & Kanamori 2000). This method sums the amplitude of 

the MOHO conversion and its multiples for different values of Vp/Vs ratio. It is 

based on the fact that these three phases intersect at a point which corresponds to the 

real Vp/Vs ratio and MOHO depth and only at that point the summation will be 

constructive (figure 3-3c). Hence, theoretically, stacking these three phases with 

different Vp/Vs ratios and MOHO depths will have one maximum which is the 

demanded solution for that individual station. We have used unequal weighting in 

our calculations which are 0.6, 0.3 and 0.1 for Ps, PpPs and PsPs+PpSs phases 

respectively. These weights were suitable for most of the stations, however, needed 

to be adjusted in some stations with lower signal to noise ratio to find an acceptable 

solution.  
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The crustal thickness can be calculated using arrival time of each of the 

aforementioned phases. As expressed in formula I, the number of known parameters 

is one (the arrival time of that phase) whereas the number of unknowns is two which 

includes the MOHO depth and the shear wave velocity. However there is 

compressional wave velocity as well but we are assuming an average constant value 

for this parameter and it can be shown that the effect of changes in this parameter on 

the calculated MOHO depth is insignificant (Zhu and Kanamori, 2000) 

 

 

3-3- Results 

 

Our findings reveal that the crustal thickness changes sharply across the main strand 

of NAFZ indicating possible offsets in the Moho discontinuity. In the southern 

block, crust is relatively thin in the west (35 km) and becomes gradually thicker 

towards east (40 km) where multiple splays of NAF are present (Figure 3-4). In 

contrast, the northern block displays a sharp crustal thinning reaching up to 10 km 

across a narrow roughly N-S (NW-SE) oriented zone supporting the presence of a 

major terrain boundary (Figure 3-4). 

 

In Vp/Vs ratio maps, there is no clear pattern at first glimpse especially in the map 

generated using H-K stacking method which is based on individual station analysis 

(Figure 3-4). On the other hand, in the Vp/Vs ratio map of CCP bin picking a more 

robust pattern is evident. On this map, in general it is apparent that eastern parts of 

the study area have relatively lower Vp/Vs ratios compared to western zones. 

Additionally, there are two clear high Vp/Vs ratio zones at the center of the region 

and in the west (Figure 3-4). The western anomaly correlates spatially well with the 

Galatian volcanic zone. The central anomaly shows a north-south alignment which 

has higher magnitudes in the south but the magnitude subsides after crossing the 
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NAFZ toward north (Figure 3-4). The north south alignment of the anomalies can 

also be interpreted as an artifact of the seismic network geometry which has less 

station spacing in north south direction.  

 

 

 

 

Figure 3-4: Moho depth and Vp/Vs maps calculated by CCP bin picking and H-K stacking. 
Circles and invert triangles represent the bins and stations respectively. Solid lines represent 
the faults, thick dashed lines represent the sutures. White numbers show the location of 
different anomalies. 
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At the east west trending depth migrated CCP profile, the MOHO depth seems to be 

invariant for first 200 km of the profile length. The crustal thickness is 35-40 km and 

shows slight change in 140th km but it is a minor variation. However, farther east in 

200th km of the profile there is a considerable change in the crustal thickness which 

appears as a step with the thinner crust to the east (Figure 3-5a). This zone spatially 

correlates well with so called Abana fault (Nikishin et al. 2015) and northeastern 

boundary of CPS (Akdogan et al. 2017), thus interpreted as the terrane boundary 

between Central Pontides and Eastern Pontides. The Vp/Vs ratio of this profile has 

unusual pattern and shows higher values than average for almost entire profile with 

two large anomalies at the beginning of the profile and in the region which the step is 

observed.  
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Figure 3-5: CCP cross sections of binned P teleseismic receiver functions plotted below 3D surface topography. Sections of Ps and PpPs phases are 
migrated to depth using constant Vp/Vs (1.75) and Moho discontinuity is picked (stars) at every bin for both phases which resulted in estimation of actual 
Vp/Vs across the profile. Depth migrated sections using variable Vp/Vs reflecting true positions of subsurface discontinuities and interpolated Vp/Vs 
values are shown at the bottom with related interpretations. For comparison, H-K stacking results for individual stations (blue diamonds) are also shown 
over the plots. Note that the profile locations are indicated at the location map given in the center
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At the northwest southeast trending depth migrated CCP profile which cuts across 

the NAFZ (figure 3-5b), the crustal thickness is high in the first 140 km of the profile 

(in the southeast) and becomes thinner toward northwest. Also, there are dual 

MOHO traces at the part of profile which the transition from thick crust of the 

southeast to thinner crust of the northwest occurs. This transition does not exhibit a 

gradual variation and instead shows a sharp change in the form of a step in the 

MOHO. This transition also has very good correlation with surface trace of the 

NAFZ supporting a lithospheric scale faulting that offsets Moho discontinuity 

(figure 3-5b). The Vp/Vs ratio unlike the previous profile does not exhibit very large 

variations and for entire profile is close to the average value of 1.75. This profile has 

slightly higher ratio in the central part of the profile and slightly low values at the 

end.  

 

 

3-4- Discussion 

 

Both CCP bin picking and H-K stacking results are comparable (Figure 3-4). There 

are minor differences which can be sourced from the inherent characteristics of the 

methods which emphasis the lower spatial sampling of the H-K method compared to 

CCP bin picking. Therefore the results of the latter will be smoother and higher in 

resolution although the same data set are used for both methods. The bullseyes 

observed on the H-K stacking maps especially on the Vp/Vs ratio map is due to fact 

that this method is trying to simplify any tectonic geometry under the station to 

produce just one representative simple model for each station and its vicinity. This 

method is proper for simple structural settings for each station and whenever the 

station is close to any tectonic complexity (i.e. boundaries, suture zones of major 

structures), it will become unstable. The reason behind can be explained as the 

sampling various structural settings at different back-azimuths and trying to simplify 

with stacking these different traces together. Whereas, in the CCP bin picking 
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method while the traces for each cell (bin) is picked and analyzed independently, the 

effect of the complexity that will be minimized is related to the bin width and bin 

spacing. However, there will be a tradeoff between the bin size and degree of 

smoothing and manifestation of artefacts on the maps and cross-sections. Also the 

complex tectonic geometry will be reflected on the map more clearly up to some 

degree and resultant map will be smoother without having any sharp variation. Thus, 

CCP analysis is more ideal to uncover high frequency Moho topography. 

 

The major findings of this research are the sharp or in some cases transitional 

changes of the crustal thickness along the region. In general, these changes are 

correlate well with the surface trace of the NAFZ and reflect the effect of this fault 

zone on the crustal structure (figure 3-4, Northward transition between anomalies 1 

and 4, 2 and 3). This variation can be due to the juxtaposition of different material in 

either side by motion along the NAFZ or alternatively by the old suture zone. Şengör 

and Yılmaz (1981) shown that the development of the NAFZ in most of its length 

follows an old suture zone resulted from the closure of northern branch of Neotethys. 

This suture played a preexisting weak zone for development of the fault. On the 

other hand, due to the collision, two different continental materials will be 

juxtaposed which can make such anomalies. However the crustal thickness variation 

can be traced along entire length of the fault which supports the effect of the faulting 

in generation of such offsets. Accepting the fact that faulting is responsible for such 

anomalies, two competing geodynamic models which describe the subsurface 

geometry of strike-slip plate boundaries will rise. In the first model the transition 

from brittle to ductile deformation occurs within the crust meaning that the fault is in 

crustal scale. According to this model the induced stress from the upper crust will be 

accommodated in ductile form in lower crust and upper mantle, therefore, in this 

model the MOHO offset in not predicted. In the second model, lower crust and 

mantle lithosphere are rigid and strike-slip faults cut the entire crust as narrow shear 

zones. In other word, the fault is in lithospheric scale which will lead to creation of 

Moho offset. The second model best fits our findings however, the observed seismic 
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anisotropy (Biryol et al. 2010) contradicts the predictions of this model, which 

claims it should be parallel to the fault trend (Molnar et al, 1999). The reason might 

be due to local effect of this motion on mantle anisotropy and also insufficient 

resolution of the analysis. These crustal thickness changes can be followed across the 

main strand of the NAFZ which displays considerable variations (up to 10 km) from 

south to north. The variation perpendicular to the general extend of the NAFZ is 

predictable. However, crustal thickness changes also in east-west direction parallel to 

the NAFZ (figure 3-4, eastward variations of crustal thickness between anomalies 1 

and 2, 3 and 4) and should be taken into account. 

 

Izmir-Ankara-Erzincan suture zone (IAESZ) exhibits a very irregular shape (Figure 

3-2) and shows a reverse U shape boundary just north of the Kırşehir massif. One of 

the aforementioned east west crustal thickness variations between anomaly 3 and 4 

in figure 3-4 shows a relatively good spatial correlation with this suture zone in 

eastern boundary, however in the western part there is no noticeable crustal thickness 

changes. While this suture zone is a result of the closure of Neotethys ocean which to 

its north there are different terranes with different development histories (Okay and 

Tüysüz, 1999), it is possible to have lateral variations in the juxtaposed material and 

therefore in the seismic properties. 

 

Another east-west variation in the crustal thickness can be traced south of the Sinop, 

north of the main NAFZ strand and in the central Pontides zone (between anomaly 1 

and 2 in figure 3-4). The sharp crustal thinning towards east occurs within a few 

kilometers of width. This zone stands sub-perpendicular to the main extend of the 

NAFZ and does not spatially correlate with both IPS and IAES.  There is significant 

dislocation of the MOHO (~10-15 km) which unveiled in both maps indicating the 

existence of a lithospheric scale structure offsetting MOHO in this location. In order 

to model the opening of the western Black Sea, Nikishin et al. (2015) suggested the 

existence of a wrench fault (namely Abana fault) at this place. Thus, we have 
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interpreted this zone as the subsurface signature of the Abana fault bounding Central 

Pontides from east. 

 

The high Vp/Vs ratios are another phenomena which observed in two different 

regions. The first region (Figure 3-4) is the western part of the study area which well 

correlates with the Tertiary volcanism recorded in that region. However looking at 

the east west trending CCP profile (Figure 3-5) there is no evidences of low velocity 

layers at any depths in the crust. One reason can be the low thickness of the LVLs 

which is below our vertical resolution (the width of Gaussian pulse) so they did not 

appear in the results. Another alternative of having high Vp/Vs ratios without 

existence of fluids in the region (in this case the expected partial melts) is the 

presence of mafic or ultramafic rocks in the crust while these rocks can generate 

relatively higher Vp/Vs ratios compared to other rock types. Another possibility is 

the presence of seismic anisotropy which can be in the form of preferred cracks or 

lattice orientations (Wang et al. 2012). It is proven that the seismic anisotropy 

(especially in the subduction zones or their remnants) can increase the Vp/Vs ratio 

and in presence of the pore pressure the effect of the fluid will be amplified by the 

anisotropy which makes it possible to observe very high (> 2.2) Vp/Vs ratios. 

However, the observed high Vp/Vs ratios are not comparable to this value and are 

much lower which decrease the possibility of anisotropy effect in this region. 

Additionally, looking at the anisotropy map of the region, (Vinnik et al. 2016, 

Licciardi et al. 2018), there are no considerable seismic anisotropies at depths larger 

than 15 km but at shallower depths almost entire southern part (south of the main 

strand of the NAF) exhibits high anisotropy which shows good correlation with 

active structures or sutures in the region and can be related to active deformations 

taking place in this zone. Also there is no systematic variations of the anisotropy 

observed in the southern zone (Licciardi et al. 2018). The other high Vp/Vs anomaly 

is farther east (figure 3-4-A-1), which looking at the geological map of the region, 

the correlation of this anomaly with the Eocene volcanic rocks is evident. 

Additionally, Yolsal et al. 2012, modeled the velocity structure of the north Anatolia 
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for both P and S waves and developed the Vp/Vs maps of the region. In this study 

the maximum reliable resolution depth is 25 km so they have just modeled the 

velocity structure of upper crust. This anomaly displays a good spatial correlation 

with the relatively high depth to Vp=6.2 values. This correlation can be followed for 

the first anomaly as well.  

 

Another finding can be revealed from comparison between crustal thickness and the 

elevation which can lead to address the isostatic equilibrium state of the region 

especially the high raised mountains. This comparison reveals that there is no 

correlation between these two which means the crust is not compensated or there is 

no isostatic equilibrium in the area. The high altitudes does not seem to have thick 

root which, while they are the results of the compression along the fault zone (see 

Vertical Anatolia Movement Project, part R2) , it can be concluded that the process 

which keeps them under (or over) compensated still continues. Another possible 

answer for this observation can be related to the age of the processes which are or 

were active in the region which if they are young there will not be enough time for 

the high altitudes to subside. 

 

 

3-5- Conclusion 

 

The data acquired by the temporary seismic experiment of NAF is used to generate 

the crustal and upper mantle seismic structure. Totally 327 teleseismic events with 

magnitudes larger than 5.5 are utilized in this study. To migrate from time to depth 

domain, two different methods used to increase the reliability of the results. The H-K 

stacking as well as newly developed CCP bin picking method which provides 

smoother results are employed to generate the crustal thickness maps as well as the 

Vp/Vs ratio variations. Additionally, The CCP stacking method also used to generate 
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a 3D bulk model of crustal thickness variations along the region which is used to 

generate the cross sections to reveal the lateral variations of the impedance for entire 

region. Our findings are itemized as below. 

- The nature of discontinuities and crustal thickness display sharp 

changes across the main strand of NAFZ supporting a lithospheric scale 

faulting that offsets Moho discontinuity. 

- In the southern block, crust is relatively thin in the west (35 km) and 

becomes gradually thicker towards east (40 km) where multiple splays of 

NAF are present. 

- The northern block displays a sharp crustal thinning (from 40 km to 

30 km) towards east across a narrow roughly N-S (NW-SE) oriented zone 

which is interpreted as the subsurface signature of the ambiguous terrane 

boundary between Central Pontides and Eastern Pontides. 

- High Vp/Vs ratios are identified along the western and central parts of 

the study area which are partly coincide with the Tertiary volcanism. 
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CHAPTER 4  

 

 

 

M-SPLIT: A GRAPHICAL USER INTERFACE TO ANALYZE 

MULTILAYERED ANISOTROPY FROM SHEAR WAVE SPLITTING2 

 

 

 

Shear wave splitting analysis are commonly used to infer deep anisotropic structure. 

For simple cases, obtained delay times and fast-axis orientations are averaged from 

reliable results to define anisotropy beneath recording seismic stations. However, 

splitting parameters show systematic variations with back azimuth in the presence of 

complex anisotropy and cannot be represented by average time delay and fast axis 

orientation. Previous researchers had identified anisotropic complexities at different 

tectonic settings and applied various approaches to model them. Most commonly, 

such complexities are modeled by using multiple anisotropic layers with priori 

constraints from geologic data. In this study, a graphical user interface called M-Split 

is developed to easily process and model multilayered anisotropy with capabilities to 

properly address the inherited non-uniqueness. M-Split program runs user defined 

grid searches through the model parameter space for two-layer anisotropy using 

formulation of Silver and Savage (1994) and creates sensitivity contour plots to 

locate the local maxima and analyze all possible models with parameter tradeoffs. In 

order to minimize model ambiguity and identify the robust model parameters, 

various misfit calculation procedures are also developed and embedded to M-Split 

which can be used depending on the quality of the observations and their back-

azimuthal coverage. M-Split is an open source program and can be extended by users 

for additional capabilities or for other applications.   

                                                 
2 This chapter is published as the following paper: Abgarmi, B., Özacar A.A., 2017, M-Split: A 
Graphical User Interface to Analyze Multilayered Anisotropy from Shear-Wave Splitting, 
Seismological Research Letters, Volume 88, Number 4, doi: 10.1785/0220170020 
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4-1- Introduction 

 

Shear wave splitting analysis of teleseismic data is widely used to image the 

anisotropy in the earth’s interior. Splitting observations are used to infer crust and 

mantle fabric beneath recording stations related to past and current deformations. 

Normally shear wave splitting analyses are performed under the assumption of a 

simple model composed of just one horizontal layer with a horizontal axis of 

symmetry. But in some complex cases the splitting parameters show strong back 

azimuthal dependency. There are three different interpretations for variation of 

splitting parameters with respect to backazimuth. 1) two layered horizontal 

anisotropy (Savage and Silver 1993 , Silver and Savage 1994) or  three or more 

anisotropic layers (e.g. Yang et al. 2014), can generate back azimuthal dependencies 

with 90 degrees of periodicity, 2) laterally varying anisotropy (Alsina and Snider 

1995) and 3) inclined symmetry axis in the lithosphere (Babuska et al. 1984 , 1993- 

Silleny and Plomerova 1996- Plomerova et al. 1996).  

 

Through time, numerous codes are developed to model splitting observations using 

simple one-layered anisotropy. Three techniques are commonly used to estimate the 

splitting parameters (i.e. fast polarization direction and delay time). These techniques 

are Minimum Energy “SC” (Silver and Chan, 1991), Rotation Correlation “RC” 

(Bowman and Ando, 1987) and Eigenvalue “EU” (Silver and Chan, 1991). Recently, 

Wüstefeld et al. (2007) developed Splitlab program to implement all three techniques 

along with a workflow set up to identify null measurement.  An interactive forward 

modeling tool to have a preliminary insight about the two-layered anisotropy is also 

set in the Splitlab program. Unfortunately, this tool neither has proper grid search 

nor sensitivity analysis capabilities and thus is not commonly used. Until now 

forward codes are developed and used in individual cases and there was no 

comprehensive tool covering all those methods and also offering tools to analyze 

multi-layered anisotropy. We introduce our user friendly graphical program M-Split 
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that uses the same forward formulas introduced by Silver and Savage (1994) and 

enhanced misfit calculation algorithms for different observation conditions and 

limitations. Analysis of complex anisotropy suffers from presence of high level of 

non-uniqueness in the forward problem, hence, in this program a sensitivity analysis 

tool is also included to find all possible solutions in model space by plotting all local 

extremums. 

 

 

4-2- Methodology 

 

M-Split performs a grid search over the model parameter space that contains in this 

case fast polarization directions and delay times of two horizontal layers. It is also 

worth to mention that in grid search procedure; there is a tradeoff between the 

accuracy of the final output model and processing time. If a very fıne grid search is 

carried out, the number of models that will be tested and therefore the time of the 

calculations will be highly increased but the final result will be more accurate. After 

performing the grid search, formulas introduced by Silver and Savage (1994) are 

used to calculate the theoretical splitting parameters for each set of model 

parameters. Finally, the theoretical / calculated splitting parameters are compared to 

the observations and model with the most resemblance to the observations is 

extracted. To compare the observations with calculated parameters, a misfit function 

calculated from residuals similar to Fontain et al. (2007)is utilized, and the model 

with the smallest residual is extracted as the best-fitting solution. 

 

To test two horizontal-layered anisotropy assumption properly, same procedures 

including the grid search is also performed for one layered models. This enabled us 

to assess how much better a two-layered model fits the observations compared to the 

one-layered simple model and it is quantified by calculating the coefficient of 
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determination, R2 (Walker et al. 2004) and the R2
adjusted (Walker et al. 2005a). In M-

Split, various misfit calculation algorithms are developed and utilized which, 

depending on the quality and back azimuthal coverage of the observations, can be 

used for better results. The first algorithm is the Unweighted method that gives the 

same weight to all observations. In other words, all observations will have same 

effect in the misfit calculation and therefore same role in the final model extraction. 

If there is no measurement representing the observation quality or the calculated 

errors are not reliable, this method will be appropriate. As shown in formula (I), in 

misfit calculation, both phi and dt segments are normalized by the corresponding 

mean value of all observations. 

 

VWDXW"YZ =[\]∅T_$,` − ∅S�aS,`b'�V�cd∅�' + ]e"T_$,` − e"S�aS,`b'�V�cdfg�' hU
`ij 																																�{� 

 

 

In which,	∅T_$,`,  ∅S�aS,`, e"T_$,`  and  e"S�aS,`are i’th observed and calculated fast 

polarization direction and observed and calculated delay times respectively and V�cd∅andV�cdfg	are mathematical mean values of fast polarization directions and 

delay times for all observations respectively. 

 

Second algorithm is the weighted method that gives weights according to 

measurement errors so that observations with small errors will have greater effect in 

misfit calculation and therefore in the extracted final model. This method is proper 

for the observations that have solitary points with small errors that are in critical part 

of the model diagram and therefore, it is important that these points have more effect 

on the final calculated model (formula II). According to the formula, each part is 

normalized by its own error. The errors are the half of the difference of minimum 

and maximum values of that parameter (i.e. –errPhiXX and +errPhiXX and –
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errdtXX and +errdtXX where XX stands for the method which used for splitting 

parameter estimation, SC, RC or EV) for that observation, in other words they are 

the average of differences between given value from its minimum and maximum 

(see II). 

 

VWDXW"Z =[\]∅T_$,` − ∅S�aS,`b']k∅,`b' + ]e"T_$,` − e"S�aS,`b']kfg,`b' hU
`ij 																																�{{� 

k∅,` = ]∅l�m,` − ∅l`U,`b/2 

kfg,` = ]e"l�m,` − e"l`U,`b/2 

 

In which,	∅T_$,`,∅S�aS,`, e"T_$,`  and  e"S�aS,`are i’th observed and calculated fast 

polarization direction and observed and calculated delay times respectively. k∅,`andkfg,` are errors on fast polarization direction and delay time for i’th 

observation. 

 

And finally the third method is Band-Fit method that is developed to reduce the 

effect of individual observations with small errors that dominate the final model. 

This method is proper for the input with the individual observations that have 

negative effect on the extracted model. As declared in formula (III), a difference 

function has been defined so that if the difference between observed and calculated 

values is smaller than the error range, then the difference function will be set to zero, 

otherwise, it will be the difference between the difference function and error 

function. 
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VWDXW"_o =[\ ]∅p`o,`b'�V�cd∅�' + ]e"p`o,`b'�V�cdfg�'h
U
`ij 																																					�{{{� 

 

 

∅p`o,` = � 0	]∅T_$,` − ∅S�aS,`b − k∅,`  
WX]∅T_$,` − ∅S�aS,`b ≤ k∅,`WX]∅T_$,` − ∅S�aS,`b > k∅,` 

 

 

e"p`o,` = � 0	]e"T_$,` − e"S�aS,`b − kfg,`  
WX�]e"T_$,` − e"S�aS,`b ≤ kfg,`WX]e"T_$,` − e"S�aS,`b > kfg,`  

 

In which,	∅T_$,`,  ∅S�aS,`, e"T_$,`  and  e"S�aS,`are i’th observed and calculated fast 

polarization direction and observed and calculated delay times respectively. k∅,`andkfg,` are errors on fast polarization direction and delay time for i’th 

observation. V�cd∅andV�cdfg are mean values of fast polarization direction and 

delay time for all observations respectively. 

 

There are also two additional options to reduce the effects of possible back azimuthal 

errors. Normally, there is no back azimuthal correction but considering the 

possibility of back azimuthal error containing in observations, using tolerance on 

back azimuth can lead to better solutions. Also if number of observations in one back 

azimuthal range comparing to others are too high, then back azimuthal normalization 

can improve the final result.  
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In addition, the residual calculation algorithm proposed by Kaviyani et al. (2013) is 

also included in the program. Unlike others, this algorithm is based on calculation of 

the penalty function and provides an alternative approach for misfit assessment. It is 

worth to note that implementing such a variety in to M-Split give us the opportunity 

to compare results from various algorithms especially in the sensitivity analysis 

stage. 

 

 

4-3- Program modules 

 

The M-Split workflow is shown in Figure 4-1. It can be seen that this program 

composed of three major steps, data preparation, grid search and finally sensitivity 

analysis. In this program there are a few points that should be considered. First of all, 

the main assumption is that input data have 90 degrees of back azimuthal periodicity, 

hence, this program plots the data in mod 90 form. Therefore, all back azimuths are 

initially converted to mod 90. Secondly, applied grid search and misfit calculations 

for simple anisotropy with one-layered model are exactly the same as two layer 

models. Thus, quantitative comparison of best fitting model misfits for one and two-

layer models aid user to decide about the number of anisotropic layers that should be 

used. 
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Figure 4-1: Workflow of the M-Split program 

 

 

 

4-3-1- Data Conversion 

 

As shown in Figure 4-2a, the start window of the program consists of two options, 

with and without data conversion. If data conversion is needed, then the conversion 

window will open (Figure 4-2b). Input of this program is compatible with the output 

of SPLITLAB program which is in tab delimited text format. M-Split generates two 

set of data formatted for different type of algorithms that user may use within the 

program. The program is adapted for three different shear wave splitting analysis 

Data preparation 

Main splitting 
interface 

Single Result with 
lowest misfit 

Sensitivity 
analysis 

Other Possible 
models 

Final acceptable model 

Add other Info to solve 
the non-uniqueness 

Input Data 
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techniques which are minimum energy method (Silver and Chan, 1991), rotation 

correlation method (Bowman and Ando, 1987) and eigenvector method (Silver and 

Chan, 1991) and hence any of these methods can be used to generate the input files.  

 

As mentioned before, the null observations can be detected using Splitlab program 

and can be included to the analysis in M-split without weighting since the large error 

ranges given for null observations will lead to minimal weights in weighted and 

band-fit approaches causing null data to have no effect on the final model. Therefore, 

the input of weighted and band-fit algorithms arranged so that they cannot contain 

the null observations. It is also important to note that, including null observations 

might lead to systematic error and deviate the final result from true model 

parameters. As an example, in the rotation correlation RC method, null observations 

are always 45 degrees off from the correct direction (Wüstefeld and Bokelmann 

2006), thus including null data will lead to wrong solutions. On the other hand, if 

minimum energy SC (Silver and Chan, 1991) method is selected, null directions are 

expected to be parallel or perpendicular to fast polarization direction, so ones which 

are perpendicular will still contaminate the input data.  In this respect, including null 

observations in the analyses is not recommended by the authors but not taken out 

entirely from the program for testing purposes. Therefore, including null data should 

be done with caution.  
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Figure 4-2: a) Program start window and b) Data conversion interface 
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4-3-2- Grid Search 

 

Having data prepared in proper format, the next step is the comprehensive grid 

search to identify the best-fitting model. As shown in figure 4-3, the inversion 

window consists of 4 steps. First step is the data quality selection that user will 

decide about the quality of the observations that will be used in the misfit calculation 

and model extraction. It must be noticed that in most of the cases the number of the 

good quality data for a reliable estimation is not enough therefore using the fair 

quality observations will be necessary. 

 

Next step is back azimuthal correction options that user can add a tolerance to the 

back azimuth so that program will calculate the misfit for the back azimuth range 

that can be defined as back azimuth plus minus the tolerance with the increments of 

step size. Finally, the minimum of the calculated misfits for the selected tolerance 

range will be considered as the misfit. It is necessary to mention that adding 

tolerance will drastically increase the process time, because, instead of a single point, 

misfit will be calculated for a vector. As another option in this part, back azimuthal 

normalization also can be selected. By using this option, the observations will be 

divided into 9 clusters of 10 degrees of back azimuthal range and each cluster will be 

normalized by the number of observation in that cluster. During adjustment of grid 

search parameters, the maximum and minimum values and their increments of the 

splitting parameters for both layers will be set. Like the tolerance, if increments set 

to a small value the processing time will increase because of increasing in the 

number of the models that should be tested. 

 

The final step is the misfit calculation selection that user can choose one of the 

formerly mentioned methods to be used as the misfit calculation formula. The 

advantage of this program is that all models with corresponding calculated 

parameters (i.e. misfit, R2, etc.) will be written into a text file for future use. Also all 

models with positive R2 values will be written in another text file to use as an input 
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file for the sensitivity analysis program. The final model will be displayed on the 

results displaying screen (Figure 4-4). In some cases, two layered anisotropy 

parameters resulted from different algorithms can be very different but their resultant 

splitting may be very similar. Therefore, to visualize and compare the competing 

models, a model plotting console which plots splitting parameters of multiple models 

along with the observations, is established (Figure 4-5).  

 

 

 

 

 

 

 

Figure 4-3: misfit calculation interface, this window includes the grid search and dominant 
frequency options and also provides choices for back-azimuthal corrections 
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Figure 4-4: Results interface that also provides options for sensitivity analysis and model 
comparison modules 
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Figure 4-5: a) Interface to compare various models with different splitting parameters and 
also different dominant frequencies b) Resultant model plots of splitting parameters as a 
function of backazimuth along with observations. 

 

 

 

4-3-3- Sensitivity analysis 

 

Non-uniqueness of the resultant models is common in such grid search applications 

involving multiple variables. In many cases, the quantified misfits between set of 

models can be very close outlining the inherited non-uniqueness in identification of 

complex anisotropy and vitality of sensitivity analysis. To handle this issue a 

sensitivity analysis program has been developed (Figure 4-6). For this purpose, 

program uses all models with positive R2 values and generates contour plots to 

identify present local maxima (or minima) in the model parameters space for 

various misfit functions. The best fitting model parameters associated with each 
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local maximum are also plotted with their standard deviations. Eventually, if misfits 

calculated for multiple local maxima are similar, then the data can be represented 

equally well with multiple models and thus other independent data from geology, 

geodesy, tectonics etc. is needed to choose among these models. 

 

 

 

 

Figure 4-6: Sensitivity analysis interface which generates scatter and contour plots of best 
solutions in model space using the selecte parameter vaues 
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4-4- Synthetic test 

 

To evaluate the program, formulas for apparent splitting parameters introduced by 

Silver and Savage (1994) are used to generate a discrete synthetic data correspond to 

defined model parameters. The dominant frequency of 0.1 Hz is used during the data 

generation phase and also in real and synthetic data tests. Consequently, forty points 

are randomly selected and used as synthetic observations to test the program. In first 

step, the synthetic data are used without noise and all three algorithms recovered the 

parameters correctly. In the second step, Gaussian white noise is included to the 

synthetic data. At this stage three signal to noise ratios are used (i.e. 5, 10 and 20). 

The error bonds for synthetic data are assigned by multiplying the differences 

between noiseless and noisy data with 0.5, 1 and 1.5 which produced 9 different 

synthetic datasets to test the program.  

During synthetic tests using unweighted method with high noise rates or low signal 

to noise ratios (i.e. 5 and 10), the recovered model showed noticeable deviations 

from input model (Table 4-1; Figure 4-7). In contrast, both band-fit and weighted 

methods performed well even for noisy data (Table 4-1; Figure 4-5b) and in most of 

the cases, led to the correct model.  
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Table 4-1: Input and output model parameters extracted using different misfit calculation 
procedures and signal to noise ratios (SNR) 

Model Parameters 

  phi_lower phi_upper dt_lower dt_upper 

Input Model  50 -20 0.9 0.3 

Unweighted SNR20 50 -20 0.9 0.3 

Unweighted SNR10 54 18 0.6 0.3 

Unweighted SNR5 50 -5 0.7 0.2 

Weighted SNR20 50 -20 0.9 0.3 

Weighted SNR10 50 -20 0.9 0.3 

Weighted SNR5 50 -20 0.9 0.3 

BandFit SNR20 50 -20 0.9 0.3 

BandFit SNR10 55 -22 0.6 0.3 

BandFit SNR5 50 -20 0.9 0.3 

 

 

 

 

 

 

Figure 4-7: Unweighted synthetic test for noisy data with signal to noise ratios (SNR) of a) 
5, b) 10 and c) 20 
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4-5- Analysis of Real Data  

 

During the final step of the testing process, splitting measurements made for station 

BKS by Bonnin et.al (2010) are used. This data set is ideal for this purpose because 

it has a good back azimuthal coverage and had already been studied for complex 

anisotropy. Grid searches conducted using weighted and band-fit approaches led to 

results similar to Bonin et al. (2010). The used data displays highly variable error 

bonds which are ignored in the unweighted approach causing noticeable deviations 

from published model. In this respect, unweighting is not optimal for high quality 

data sets including well-defined error bonds.  

 

In this data set, penalty function algorithm also selected a best-fitting model different 

than the minimum misfit, R2 and R2 adjusted which are intrinsically linked (Figure 

4-8). During sensitivity analysis, contour plots of both given in Figure (4-9) reveal 

that for all parameters there are two model clusters characterized by equally low 

misfits. First cluster corresponds to model parameters given in the Bonnin et.al. 

(2010) and second cluster is the one picked by penalty function. The misfit 

distribution within model parameter space is nearly identical indicating that the data 

can be reproduced by both models. At this stage, non-uniqueness may be avoided 

only by incorporating data from independent sources such as assuming known plate 

motion to be parallel /sub-parallel to the upper layer fast axis direction.  
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Figure 4-8: a) Multilayered anisotropy models obtained for station  BKS using weighted 
approach b) Resultant model plots of splitting parameters as a function of backazimuth along 
with observations. Note that the best-fitting model identified by penalty function is 
remarkably different. 
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Figure 4-9: Contour plots of model space for both fast polarization directions (a and c) and 
delay times (b and d) based on two different calculated parameters using weighted approach 
for the splitting observations of station BKS.  (a and b) are based on R2 parameter and (c and 
d) are based on penalty function . Black stars show the local extremums and filled circle 
represents the best solution of used algorithm. The errors of parameters are shown on each 
extremum 

 

 

 

4-6- Conclusion 

 

We have presented a program that analyze shear wave splitting observations to find 

the best fitting multilayered anisotropy. M-Split can perform data preparation, model 
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fitting and sensitivity analysis for given data input. Program’s interface provides a 

user friendly environment that automatically performs the calculations and produce 

visual outputs. In order to reduce the model ambiguity and test robustness, multiple 

misfit calculation procedures are embedded to the program and each has been 

subjected to rigorous testing.  After successful tests conducted on both synthetic and 

real data, the reliability of the designed software is established. M-Split runs in 

MATLAB platform independent of operating system and successfully tested on 

Windows and Linux based computers.  

 

 

4-7- Data and resources 

 

All data used in this paper came from published sources listed in the references. The 

source codes of the program can be obtained from the following link:  

www.m-split-code.com 
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CHAPTER 5   

 

 

DISCUSSION 

 

 

In this dissertation teleseismic P Wave receiver function has been benefited to help 

in better understanding the uncertainties in Anatolian plate. During this study, two 

different datasets from two different regions have been assessed to image the crustal 

structures and discontinuities. These data sets in general comprise the broadband 

seismic events which classify in the teleseismic category considering the epicentral 

distances. The data sets have been recorded by two temporary seismic network plus 

stations from the national seismic network of Turkey. The temporary networks 

comprise the CD-CAT experiment which deployed in central Anatolia with our 

collaboration and NAF experiment.  

 

During our studies, to assess the receiver functions and use them in imaging the 

discontinuities, several different techniques are benefitted. These techniques are 

generally employed in calculating the crustal thickness and Vp/Vs ratio with 

different approaches. As a result, various computer programs in receiver function 

have been developed including SWA and bin picking methods. The general results 

obtained in this study are discussed separately in the following sections.   

 

 

1. Depth extent of major strike slip faults: 

 

Our findings in both CAT and NAF experiment reveals that the major faults 

including the NAF, EAF which are transform plate boundaries show considerable 
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amount of Moho offset. This indicates a lithospheric scale faulting across the 

boundaries of the Anatolian plate (Figure 5-1a). In addition, Central Anatolian Fault 

Zone (CAFZ) displays sharp changes at Moho discontinuity suggesting presence of a 

lithospheric scale structure. This may imply that due to extrusion of the Anatolian 

plate, some of the stress can possibly localized in this zone accommodating strain 

and hence, this fault zone might become boundary of the Anatolian plate in the 

future. 

 

On other hand Tuz Gölü fault zone is another major structure which has been 

focused on in this study. In this fault zone we observe offset in subcrustal structures 

(low velocity layer at depths about 15-20 km) but no offset is deteched on the Moho 

discontinuity which may indicate that the fault is not cutting the entire crust (Figure 

5-1b).   

 

 

 

Figure 5-1: The general diagram of major strike slip fault zones along the study area. A) 
Lithospheric scale fault zones with offset in Moho and B) Crustal scale Fault zones with 
offset in mid crustal features.  
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2. Slab break off vs delamination: 

 

Another phenomena which is discussed in this desertation is the rapid uplift in 

southern margin of the Anatolian plate. This phenomenon has been discovered 

recently in central Taurus Mountains as well as in Cyprus (Schilgen et al. 2014, 

Moreg et al. 2017). During our assessments of receiver function we observed an 

anomaly at depths around 80 km which is in a good agreement with previous studies 

(i.e. Bakirci et al. 2009). With benefitting from previous studies especially the body 

wave tomography images (Biryol et al. 2011, Portner et al. 2018), we interpreted this 

anomaly as the sub-horizontal African slab that is broken at depth. According to the 

geodynamic modelings (Piper et al. 2002, Duretz et al. 2012), the slab break off  can 

generate considerable amount of surface uplift in short period of time and also the 

wave length of the uplift with respect to the depth of break off shows good 

correlation with surface observation. Hence our interpretation was in favor of 

relating some part of the surface uplift and other surficial effects to the slab break 

off. This phenomena, also can create asthonespher upwelling and explain the 

volcanic activities along the region.  

 

On the other hand, there is another alternative model which is based on delamination 

and can create similar surficial effects. The conditions which are necessary to initiate 

delamination are existence of weak (aseismic) lower crust between strong mantle 

and upper crust and also negative buoyancy of the sinking slab (Göğüş et al. 2018). 

However the need for negative buoyancy might be fulfilled by the subducting 

oceanic lithosphere. In this model we will expect to see high heat transfer in Moho 

due to removal of the lithospheric mantle (or lower crust) and also thinning of the 

crust. However, in our results we observe very thick crust underneath the uplifted 

zone and also there is no evidences of high heat flow in this region. Thus we prefer 

the slab break off scenario. 
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3. Terrane boundaries present in the subsurface 

 

The crustal thickness maps and constructed cross-sections in the entire region reveal 

the overall Moho topography. There are thick crusts which can be followed along the 

trend of the Taurus Mountains and also in southeastern zone of NAF main strand and 

also anomalously thin crust in the southeast and northeast of the study area and 

CAVP. In most of the cases the transition between these different crustal thicknesses 

occurs in places which show good spatial correlation with known structures and 

sutures. These boundaries can be followed along NAFZ, EAFZ, CAFZ and Bitlis-

Zagros suture zone. However there are anomalous changes in the crustal thickness 

which apparently show no correlation with any known structures. One example of 

such an anomaly is the sharp change of the crustal thickness north of the main strand 

of NAF northern Turkey. This transition shows NNE-SSW trend and is almost 

perpendicular to the main strand of NAF. This boundary is interpreted as an 

unknown wrench fault which is named by Nikishin et al. (2015) as the Abana fault 

and basically is the boundary between Central and Eastern Pontides.  

 

 

4. Complex tectonic settings and multi-layered anisotropy 

 

In general, the two major transform faults bounding Anatolian plate (NAFZ and 

EAFZ) and CAFZ located within the plate cut through the crust and generate Moho 

offsets. The motion along these lithospheric scale faults can cause alignment of the 

minerals and therefore seismic anisotropy. On the other hand the possible slab break 

off in the southern margin of the region and possibly the northern margin as well can 

cause astenospheric upwelling along edges of the slab which would produce 

significant and spatially complex seismic anisotropy. Looking at the absolute and 
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relative plate motion directions reveals that the system is likely decoupled and 

crustal movements are significantly different from mantle flow. These two diferent 

directions as well add up to the complexity of the seismic anisotropy of this system. 

Therefore, analyzing of the seismic anisotropy as a single horizontal layer will be an 

over simplification of the system and may lead to unreal conclusions.   

 

Hence there was a need for analyzing the complex anisotropy and the lack of a 

program which can assess multi-layered seismic anisotropy was evident. Thus, the 

M-Split program which is a comprehensive MATLAB based Graphical toolbox 

facilitating the analysis of complex seismic anisotropy, is developed. The program 

provides variety of tools which improves the model recovery and aids in solving the 

non-uniqueness problem of the solution. This program is  tested with real data and 

also utilized successfully in a parallel study to image the complex seismic anisotropy 

along southern Turkey where it is believed that the slab break off and mantle flow at 

the edge of the slab will affect the seismic anisotropy (Pamir et al. 2014).  
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