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ABSTRACT 

 

 

 KINEMATIC FINITE-FAULT MODEL OF THE OCTOBER 23, 2011 

VAN Mw 7.1 EARTHQUAKE OBTAINED FROM REGIONAL AND 

TELESEISMIC P WAVES USING THE EMPIRICAL GREEN 

FUNCTION METHOD  

 

 

We obtained a kinematic finite-fault rupture model for the October 23, 2011 Mw 7.1 

Van Earthquake using Empirical Green Function (EGF) method. We used an Mw 6.0 

aftershock which occurred 10 hours after the main event as the EGF event. The analysis is 

performed for two distance ranges; regional (1°-20°) and teleseismic (20°-90°). Stations 

were selected to have good azimuthal coverage and high S/N levels as well as the 

similarity of the waveforms between the mainshock and the EGF event. Data from 52 

regional and 33 teleseismic stations were used and the deconvolution is performed in the 

time domain. The shapes of the source time functions varying with the azimuth of the 

stations were mapped into the spatial evolution of slip. The inversion of the source time 

functions was performed with rupture velocities of 1.0-4.0 km/s with the interval of 0.5 

km/s and the rise times of 1.0-5.0 s with the interval of 0.5 s. Finally the source model was 

tested by evaluating the difference between the original source time functions and the 

synthetic source time functions which were predicted by forward modeling. Teleseismic 

and regional slip distributions are found consistent. The slip distribution shows that the 

fault rupture propagated up-dip towards southwest. The maximum slip is approximately 

3.5 m and the rupture velocity is between 1.5 and 2.0 km/s with the rise times of 1.0 s to 2 

s where the models have high variance reductions. 
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ÖZET 

 

 

23 EKİM 2011 VAN Mw 7.1 DEPREMİNİN KİNEMATİK SONLU-FAY 

MODELİNİN BÖLGESEL VE TELESİSMİK P DALGALARI 

KULLANILARAK AMPİRİK GREEN FONKSİYONU İLE 

BULUNMASI  

 

 

23 Ekim 2011 Van Mw 7.1 depreminin sonlu fay kırılma modelini Ampirik Green 

Fonksiyonu (AGF) metodu kullanarak elde ettik. Bunun için ana şoktan 10 saat sonra 

meydana gelen artçı şok AGF olarak kabul edildi. Analiz bölgesel (1°-20°) ve telesismik 

(20°-90°) olmak üzere iki uzaklık aralığında gerçekleştirildi. İstasyonların seçiminde, ana 

şok ve artçı şok dalga şekillerinin benzerliğinin yanı sıra sinyal/gürültü oranının yüksek 

olmasına ve iyi bir yönsel dağılıma sahip olmalarına dikkat edildi. 52 tane bölgesel, 33 

tane telesismik istasyon seçildi. Dekonvolüsyon işlemi zaman ortamında gerçekleştirildi. 

Yönsel olarak şekli değişen kaynak zaman fonksiyonları kullanılarak, kayma modelleri 

oluşturuldu. Kaynak zaman fonksiyonlarının ters çözümü, kırılma hızları 1 km/s ile 4km/s 

arasında 0.5 km/s aralıklarla ve yükselim zamanları ise 1.0 s ile 5 s arasında 0.5 s 

aralıklarla gerçekleştirildi. Orijinal kaynak zaman fonksiyonları ile yapay kaynak zaman 

fonksiyonları arasındaki farklar değerlendirilerek, kaynak model test edildi. Sonuç olarak, 

telesismik ve bölgesel kayma dağılımlarının birbirleriyle uyumlu olduğu görülmüştür. 

Kayma dağılımları, fay kırığının eğim yukarı güney-batı yönünde yayıldığını göstermiştir. 

Maksimum kayma büyüklüğü yaklaşık 3.5 m olarak hesaplanmış ve modelin varyans 

azaltma değerleri karşılaştırılarak, kırık hızı 1.5 km/s ile 2.0 km/s arasında ve yükselim 

zamanı ise 1.0 s ile 2.0 s arasında bulunmuştur.  
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1.   INTRODUCTION 

 

 

The October 23, 2011 Van Earthquake (Mw 7.1) at 13.41 local time (10.41 GMT) 

occurred on the Bitlis Suture Zone in the northeast of the city of Van in eastern Turkey at a 

depth of 16.0 km. Emre (2011) suggested that the Van Earthquake happened on a newly 

found Van Fault on the east of Lake Van (Taşkın et al., 2013). Bitlis Suture Zone and 

Zagros fold and thrust belt which are formed as a result of the collision of Arabian Plate 

and Eurasian Plate control the seismicity of Lake Van and its surroundings. The surface 

area of the fault is approximately 20x20 km with a 241° of strike angle to SW and a 51° of 

dip angle in the direction of SW according to USGS. The fault mechanism is oblique-thrust 

and in good agreement with the previous earthquake focal mechanisms in this region 

(Örgülü et al., 2003) (Figure 1.1) just as 15 November 2000 Van Earthquake which is 58 

km from the 2011 event's hypocenter (Utkucu, 2013) as shown in Figure 1.2. 

 

The goal of this study is to generate a kinematic source model and determine source 

effects such as rupture velocity and the rise time for the Van Earthquake by utilizing the 

regional and teleseismic. In order to obtain spatiotemporal models of the earthquake rupture, 

we utilized an Empirical Green Function Method (Dreger, 1994; Hartzell, 1978). We have 

chosen Mw 6.0 event as an Empirical Green Function which occurred 10 hours after the 

main event having the similar focal mechanisms and locations with the mainshock. We 

computed the source time function for the mainshock via deconvolution in the time 

domain. We used the iterative time domain deconvolution algorithm of Ligorria and 

Ammon (1999) which is an application of the Kikuchi and Kanamori (1982) method. We 

have obtained slip distribution models and the rupture directivity and found the optimal 

rupture velocities and rise times according to variance reductions. High variance reductions 

show that the rupture velocity is between 1.5 km/s and 2 km/s, the rise time is 

approximately between 1.0 s and 2 s and maximum slip is 3.5 m. Consistent regional and 

teleseismic slip models show that the rupture propagated updip and towards SW in the 

strike direction.  
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Figure 1.1. Map of the October 23, 2011 (Mw 7.1) Van Earthquake and historical 

earthquakes Mw > 6.0 with fault mechanisms in Eastern Turkey (McKenzie, 1972; Pınar, 

1995; Şaroğlu F et al., 1992; Taymaz et al., 1991; Toksöz et al., 1978; Utkucu, 2013). 

 

 

 

Figure 1.2. Map of seismicity of Lake Van and the October 23, 2011 (Mw 7.1) Van 

Earthquake and aftershocks with source mechanisms (Utkucu, 2013). 
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2.   TECTONICS OF TURKEY AND EASTERN ANATOLIA REGION 

 

 

2.1.  General Tectonic Settings of Turkey and its Surroundings 

 

The east-west oriented mountain ranges of Turkey are part of the Alp-Himalayan 

orogenic belt system. Convergence of African and Eurasian continents started with closing 

of Paleo-Tethys ocean. Thus the continental plates bordering the Paleo-Tethys ocean 

collided and formed the collision zones and mountain ranges. The Alps were formed 30 

million years ago as a result of the collision of these two plates. Indian and Eurasian Plates 

formed the Himalayas starting around 10 Ma. 

 

In the Oligocene, African and Arabian Plates started to separate from each other by 

the Red Sea Rift extending from the Afar triple junction to south of Dead Sea Fault (Figure 

2.2). Both of the plates move towards north; however, the Arabian Plate is relatively faster 

(Reilinger et al., 2006). African Plate is divided into two recent plates named Somalian and 

Nubian in the African Rift Zone as shown in Figure 2.2. Other tectonically significant 

component of the region is the Hellenic Trench which has formed due to the subduction of 

oceanic crust of Arabian beneath Eurasian Plate. Aden Ridge is a spreading center between 

Arabian and African Plates extending from Afar Junction to Owens Fracture Zone which is 

a transform boundary separating Indian Plate from Arabian and African Plates. Between 

the Arabian and African Plates, there is one more boundary called the Dead Sea Fault. It is 

a left lateral transform fault and stretches from Maraş triple junction -where it meets with 

Eastern Anatolian Fault- towards the north of Red Sea Rift (Reilinger et al., 2006). Dead 

Sea Fault also has an extension i.e. pull apart basin which is a depression where Dead Sea 

exists. Arabian Plate is moving towards Eurasian Plate and forming Bitlis Zagros Suture 

Zone (Faccenna et al., 2006) and Caucasus mountain belts. Eastern Anatolia which situates 

behind the suture zone and forms the NW part of Turkish-Iranian Plateau is one of the high 

plateaus of Alp-Himalayan belt system and approximately 2 km high above sea level 

(Keskin, 2003) as shown in Figure 2.1.  
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Figure 2.1. Map of Alp-Himalayan belt system and 2: Eastern Anatolian Plateau (Dewey et 

al., 1986; Keskin, 2003). 

 

The compression of the collision zone causes Anatolian Plate to escape and rotate 

westward by the transform faults North Anatolian Fault and East Anatolian Fault which are 

active since miocene. North Anatolian Fault is 1300 km and right lateral (Dewey and 

Şengör, 1979; McClusky et al., 2000; Şengör, 1979) while East Anatolian Fault extending 

between Arabian and Anatolian Plates is left lateral (Jackson and McKenzie, 1988; 

McKenzie, 1972) with reverse component. Just Palu area shows reverse mechanisms due 

to the local compression (Örgülü et al., 2003). Main Recent Fault which is in NW Iran 

(Zagros Mountains) is a continuation of North Anatolian Fault and shows an 

approximately continuous dextral shear. 
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Figure 2.2. Map of African-Arabian-Eurasian collision zone (Reilinger et al., 2006). 

 

The fault plane solutions of the earthquakes are an indicator of the plate boundaries 

such as collision zone in Eastern Anatolia, North Anatolian and East Anatolian Faults, 

Hellenic and Cyprus Trenches, East African Rift, Red Sea Rift and Aden Ridge as shown 

in Figure 2.3 (Reilinger et al., 2006). Except these plate boundaries most of the area is 

aseismic. There is a counterclockwise rotation from Arabian Plate to Hellenic Trench 

parallel to North Anatolian Fault with an increasing velocity toward west (Toksöz et al., 

1999). The rollback along the Hellenic and Cyprus Trench and the collision of the African 

Plate at the east, is the primary reason for the counterclockwise rotation, which is 

characterized by east-west normal faults along Aegean, right lateral strike-slip motion 
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along NAF, and right and left lateral and thrust faulting in the Eastern Anatolia (Reilinger 

et al., 2006) (Figure 2.3). 

.  

The North Anatolian Fault and East Anatolian Fault intersect at Karlıova Junction 

which is a pull apart basin. A pull apart basin forms when the displacement related to strike 

slip faults pulls a segment of mass apart leading to extension in the region.  

 

 

 

Figure 2.3. Map of African-Arabian-Eurasian collision zone with (a) focal mechanisms and 

(b) GPS velocities (Reilinger et al., 2006). 

 

 

 

Figure 2.4. Map of tectonic plates and faults around Turkey (basemap-ESRI). 
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2.2.  Eastern Anatolian High Plateau 

 

The geographic coordinates of the Eastern Anatolian High Plateau lie between the 

latitudes of 38°N-41°N and longitudes of 41°E-45°E. In the north it has a boundary with 

Pontide/Minor Caucasus Zone (Dewey et al., 1986), while the Zagros Mountains forms the 

southern extrimity. The average elevation of the plateau is 2200 m above sea level. The 

Central Range (3000 m above sea level) separates the plateau into two depressions namely 

Erzurum Kars Plateau and Murat Region which are encircled by high mountains. The area 

of the southern part of the plateau -the trapezoidal shaped Murat Region- is larger than the 

northern part which is the triangular shaped Erzurum Kars Plateau (Şengör et al., 2008). 

The elevations of the bottom of the two depressions are above 1500 m. Murat Region is 

endorheic i.e. a closed dreainage around Lake Van. The plateau consists of tectonic plates 

namely the Northwest Iranian Plate, Eastern Rhodope-Pontide, The Eastern Anatolian 

Accretionary Complex, Arabian Foreland and the Bitlis-Pötürge Massif (Figure 2.5) 

(Keskin, 2005; Şengör et al., 2003). 
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Figure 2.5. Tectonic plates of Eastern Anatolian Plateau  I: Rhodope-Pontide fragment, II: 

Northwest Iranian fragment, III: Eastern Anatolian Accretionary Complex (EAAC), IV: 

Bitlis-Pötürge Massif and V: Arabian foreland (Keskin, 2005; Şengör et al., 2003). 

 

Receiver Function studies show that crustal thickness in Eastern Anatolia changes 

between <38 km in the south Bitlis Suture Zone and 50 km in the north about the Erzurum-

Kars Plateau (Zor et al., 2003). The average thickness of the crust in Eastern Turkey is 45 

km which is not usual in a continental collision zone. The smallest crust in Eastern 

Anatolia is in the central part of the Lake Van Dome where Lake Van locates (Figure 2.6). 

The crust is thicker than 46 km in the Northwest Iranian Fragment, the south of the 

Rhodope–Pontide Fragment and north of the Bitlis Massif. The highest elevation in 

Eastern Anatolian Plateau concides with the thinnest crust beneath the Murat Region. 
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Figure 2.6. Map of Eastern Anatolian Plateau showing crustal thicknesses (Şengör et al., 

2003). 

 

The Eastern Anatolian High Plateau is an active, Turkic type orogen and formed in 

the late miocene, after the collision of the Arabian and Eurasian Plates (Şengör et al., 

2008). Post collisional magmatism in the plateau is a consequence of the slab detachment 

or break off under the subduction-accretionary complex whose age is between Late 

Cretaceous to earliest Oligocene. Beneath Eastern Anatolia there is not a lithospheric 

mantle which means existence of asthenosphere directly below the crust. The slab 

detachment or break off leads to flow and rise of materials of mantle and forms a high 

elevation plateau Eastern Anatolia (Şengör et al., 2003).  

 

Whereas Tibet type post colliisional magmatism occurs as a result of the crustal 

melting and is calc-alkalic type (Dewey and Burke, 1973), Turkic type post collisional 

magmatism additionally contains alkalic to peralkalic materials as in the Eastern Anatolian 

Plateau (Şengör et al., 2008). Calc-alkalic type rocks are in the north while alkalic type 

rocks are in the south and transitional rocks are in the middle of the plateau. In the plateau, 

the ages of volcanics change between 11 ma and 17 century in the direction of south.  
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Whle the Eastern Anatolian Accretionary Complex was shortening and thickening 

between the Oligocene and Serravalian, the subduction stopped (Figure 2.7.a). 

Consequently, oceanic plate steepened and resulted in detachment beneath the Eastern 

Anatolian Accretionary Complex. This created an opening for asthenospheric mantle 

wedge and a southward mantle flow which carried the partly depleted mantle with 

subduction component from north (Figure 2.7.b,c). After slab steepening and break-off, a 

slab window created and filled with hot asthenosphere causing a melting under the 

collision zone. This changed the direction of the asthenospheric mantle flow to north and 

carried the enriched hot material under the Arabian Plate to shallow depths (Figure 2.7.d). 

The mixture of the enriched material with the partly depleted mantle containing  a 

subduction component created a variety of volcanic material (Keskin, 2007).  

 

 

 

Figure 2.7. Eastern Anatolian Collision Zone where F denotes strike slip faults; EAAC is 

Eastern Anatolian Accretionary Complex and SC asthenospheric mantle. ALM, PLM and 

BPLM are respectively listhospheric mantles of Arabian Plate, the Pontides and Bitlis 

Pötürge Massif (Keskin, 2007). 

 



11 
 

 

When the topographic profiles of Eastern Anatolian Plateau and Ethiopian Plateau 

are compared despite of totally different tectonic settings, it is clearly seen that both of the 

profiles fit to the Wilson cycle (Figure 2.8) (Şengör et al., 2003). They both have hot, 

rising asthenosphere directly above the crust and are deprive of lithospheric mantle. 

 

 

 

Figure 2.8. Similarity between the topographic profiles obtained from Eastern Anatolian 

Plateau and Ethiopian Plateau (Şengör et al., 2003). 

 

The compresssional behaviour and crustal shortening and thickening in Eastern 

Anatolia is replaced by conjugate strike slip faults due to lack of major thrust faults (Dhont 

and Chorowicz 2006). Also lack of subcrustal earthquakes and existence of strike slip 

earthquakes refute the continuing crustal shortening. These distributed strike slip faults 

demonstrate a V-shape since the fault and the maximum compressive stress cuts at an 

angle with 60-75 degrees (Yin and Taylor, 2008). These faults are parallel to North 

Anatolian Fault and East Anatolian Fault. To exemplify, Kavakbaşı (KbF), Tulak (TF) and 

Balıkgölü (BGF) Faults are right lateral faults (Bozkurt, 2001; Koçyiğit et al., 2001; 

Örgülü et al., 2003) which are parallel to North Anatolian Fault with the trend of NW-SE 

while Çobandede Fault Zone (ÇDFZ) and Kağızman Fault (KF) are left lateral which are 

parallel to East Anatolian Fault with the trend of NE-SW (Figure 2.4). There are also a few 

reverse faults (Örgülü et al., 2003). Furthermore, Türkelli et al. (2003) observed that North 
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Anatolian Fault continues to the east of Karlıova Junction.  

 

There are not any reverse focal mechanisms at the foreland of the Bitlis Zagros 

Suture Zone. A foreland basin can be defined as the depression caused by lithospheric 

flexure process. While the crustal thickening occurs as a result of the continental collision, 

the mass gives rise to bending in the lithosphere called as lithospheric flexure. Most of the 

faults are right lateral strike slip faults in the Eastern Anatolia (Figure 2.9). The north 

boundary of the Eastern Anatolia shows left lateral faulting such as Çobandede Fault. 

Reverse mechanisms occur at Caucasus Region in the north and shows crustal thickening. 

Muş-Lake Van and Pasinler Basins with the E-W trend are other tectonic settings of the 

region which show N-S compression (Şengör, et al. 1985). 

 

 

 

Figure 2.9. Map of Eastern Turkey with (a) GPS velocities (Barazangi et al., 2006) and (b) 

focal mechanisms (Örgülü et al., 2003). 

 

2.3.  2011 Mw 7.1 Van Earthquake 

 

The October 23, 2011 Van Earthquake (Mw 7.1) at 13.41 local time (10.41 GMT) 

occurred on the Bitlis Suture Zone in the northeast of the city of Van in Eastern Turkey at a 

depth of 16.0 km which is followed by an aftershock sequence with the largest being an 

Mw 6 earthquake. USGS, CMT and finite fault model shows that the surface area of the 

fault is approximately 20x20 km with a 241° of strike angle and a 51° of dip angle (Hayes 

2011). The fault mechanism is oblique-thrust (USGS) (Figure 2.11) and consistent with the 
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previous earthquake focal mechanisms in this region. 15 November 2000 Van Earthquake 

has a similar mechanism just 58 km from the 2011 main shock hypocenter (Utkucu, 2013). 

 

Strike

of fault

Direction of

dip of fault

NE

SW

 

 

Figure 2.10. Figure of a reverse fault (http://www.studyblue.com/notes/note/n/chapter-

10/deck/112814). 

 

 

 

Figure 2.11. Location map of the October 23, 2011 Van Earthquake and focal mechanism 

from various agencies as given in the Table 2.1 (EMSC). 

http://www.studyblue.com/notes/note/n/chapter-10/deck/112814
http://www.studyblue.com/notes/note/n/chapter-10/deck/112814
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Table 2.1. Fault plane solutions of the October 23, 2011 Van Earthquake from various 

agencies. 

 

 Latitude Longitude Depth (km) Type Magnitude 

AFAD 38.6890 43.4657 19.02 Ml 6.7 

KOERİ 38.7578 43.3602 5 Ml 

Mw 

6.6 

7.2 

USGS 38.691 43.497 16 Mw 7.1 

EMSC 38.86 43.48 10 Mw 7.2 

GFZ 38.674 43.581 15 Mw 7.1 

 

 

 

 

Figure 2.12. Location map of the October 23, 2011 Van Earthquake and its aftershocks 

(red and yellow stars show the mainshock Mw 7.1 and the aftershock Mw 6.0 events, 

respectively. The circles are the subsequent events) (basemap ESRI, USGS). 
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Figure 2.13. Location map of the October 23, 2011 Van Earthquake and previous 

earthquakes in the region Mw > 6.5 obtained from Table 2.2 (USGS, ESRI). 
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Table 2.2. List of Important Earthquakes Magnitude > 6.5 given by USGS. 

Year Month Day Time Latitude Longitude Depth Magnitude

1905 10 21 1101 42.000 42.000 60 7.5

1905 12 04 1220 38.000 37.000 60 7.0

1909 02 09 1124 40.000 38.000 60 6.8

1916 01 24 0655 41.000 37.000 0 7.2

1924 09 13 1434 39.864 41.876 35 6.8

1930 05 06 2234 38.152 44.685 25 7.1

1939 12 26 2357 39.770 39.533 35 7.8

1949 08 17 1844 39.500 40.600 0 6.8

1954 03 28 0447 39.100 41.000 0 6.8

1962 09 01 1920 35.556 49.810 17.6 6.9

1971 05 22 1644 38.868 40.542 3.6 6.7

1975 09 06 0920 38.516 40.768 39.7 6.7

1976 11 24 1222 39.083 44.030 9.7 7.0

1980 05 04 1835 38.047 49.018 25 6.6

1983 10 30 0412 40.328 42.177 15 6.6

1988 12 07 0741 40.928 44.114 5 6.8

1990 06 20 2100 37.001 49.186 19 7.4

1992 03 13 1718 39.728 39.654 7 6.7

1993 01 15 1215 36.666 43.686 42.4 7.5

2000 11 25 1809 40.226 49.974 50 6.8

2000 11 25 1810 40.123 49.960 37.7 6.5

2002 06 22 0258 35.626 49.047 10 6.5

2011 10 23 1041 38.628 43.486 20 7.1
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3.   DATA and METHODS 

 

 

3.1.  Data 

 

 In this study, our objective is to obtain a kinematic source model for the Mw 7.1 

October 23, 2011 Van Earthquake. For this purpose, we utilize Empirical Green Function 

Method (Hartzell, 1978) using the STF inversion scheme by Dreger (1994). We obtained 

the regional data from Kandilli Observatory and Earthquake Research Institute (KOERI) 

and the teleseismic data from IRIS-WILBER II for the October 23, 2011 Van Earthquake 

and its aftershocks with magnitude Mw >5.5 as seen in Table 3.1. We merged the data from 

KOERI and WILBER II. Station coordinates are obtained from the ISC website 

(International Seismological Centre, On-line Bulletin, http://www.isc.ac.uk). 

 

Table 3.1. List of the October 23, 2011 Van Earthquake and its aftershocks with magnitude 

Mw >5.5 obtained from WILBER II (http://www.iris.edu/cgi-

bin/wilberII/wilberII_page1.pl). 

 

Date Time Source Mag Lat Lon Description 

2011/10/23 10:41:21.3 SPYDER® 7.3 38.63 43.53 TURKEY 

2011/10/23 20:45:37.3 SPYDER® 6.0 38.56 43.16 TURKEY 

2011/10/25 14:55:07.7 SPYDER® 5.7 38.80 43.56 TURKEY 

2011/11/09 19:23:35.5 SPYDER® 5.7 38.35 43.40 TURKEY 

 

However, we have chosen Empirical Green Function (EGF) event (Mw 6.0) which 

occurred 10 hours after the main event which has a similar mechanism and location with 

respect to the main shock as shown in Table 3.2 and Figure 3.1. The waveforms of the two 

other events were rather noisy and not suitable for this analysis.  
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Table 3.2. Fault plane solutions of the October 23, 2011 Van Earthquake and the 

aftershock used in our study (Global CMT Catalog). 

 

Event Date Time Epicentre Depth Moment Plane1 

str/dip/slip 

Plane2 

str/dip/slip 

Main 23.10.2011 10:41:28.4 38.640/43.400 12.0 6.3E26 246/38/60 103/58/112 

Aftershock 

(EGF) 

23.10.2011 20:45:38.6 38.510/43.070 12.0 1.1E25 281/40/82 111/50/90 

 

 

 

 

Figure 3.1. Location map of the October 23, 2011 Van Earthquake and the aftershock used 

in our study with focal mechanisms (Global CMT Catalog). 

 

The seismic stations can be categorized into 3 classes according to their distances 

from the epicentre of the mainshock (Shear, 1999).  
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Figure 3.2. Map of the regional stations (1° - 20°) represented with blue triangles and 

teleseismic stations (30° - 90°) represented with green triangles (MATLAB). 

 

We picked P waves for all 3 components and eliminated the noisy stations which led 

to azimuthal gap at some areas. A good azimuthal coverage is important for getting a clear 

directivity from source time functions. Data from 52 regional and 33 teleseismic stations 

were used (Figure 3.2).  

 

3.2.  Pre-processing 

 

We cut the waveforms with respect to first P-wave arrival and used the time window 

10 seconds before (          ) and 40 seconds after (         ) t0 pick. A 4-pole 

(np=4) Butterworth filter (bu) is used as a bandpass filter (bp) with the low and high corner 

cutoffs (co). The frequency band used for the prefiltering was         Hz (20 seconds) 

and        Hz (2 seconds) which shows the corner frequencies. We removed the mean 

and the trend from data. We interpolated the traces to a sampling rate of 0.1 

(            ) and applied a hanning type taper with the width of 0.1. 
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3.3.  Empirical Green's Function Method 

 

Seismic signal from an earthquake travels through the earth and arrives at a receiver 

as shown in simple model below (Figure 3.3). 

 

earth recording
system

seismogram
seismic
source

 

 

Figure 3.3. Diagram of a Seismogram (Scherbaum, 1994). 

 

Seismogram is the convolution of earthquake source time function x(t) (the source 

signal of the earthquake), the site q(t) and the instrument response i(t) as seen in Figure 3.4 

(Stein and Wysession, 2003) given by Equation 3.1.  

 

                           (3.1) 

   

Source

x (t)

Site

q(t)

Instrument

i(t)

Seismogram

u(t)

 

 

Figure 3.4. Demonstration of a seismogram as the convolution of the source, the site and 

the instrument response (Stein and Wysession, 2003). 
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                        (3.2) 

       
 

   
                

 

  

 (3.3) 

                      

 

  

 (3.4) 

 

Um(t) and Ua(t) denotes the earthquake time series of the mainshock and aftershock 

events respectively.  

 

                               (3.5) 

                               (3.6) 

 

Each earthquake has its distinctive source time function separating from others as 

shown in Figure 3.5 which is made by (Fukao and Kikuchi, 1987) displaying the large 

earthquakes which occurred in 1960s and 1970s. 

 

 

 

Figure 3.5. The differences in source time functions of large earthquakes (Fukao and 

Kikuchi, 1987). 
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In order to isolate source time functions and remove the other two effecs from 

seismograms at each station, a smaller aftershock event (EGF) is chosen and deconvolved 

from the mainshock event (Hartzell, 1978). This Empirical Green Function (EGF) needs to 

have approximately same time arrivals, focal mechanisms and locations as the mainshock. 

Figure 3.6 shows that while the waveforms of the main event have long durations the 

waveforms of the aftershock (EGF) are impulsive. 

 

 

 

Figure 3.6. The waveforms of the 2003 Miyagi-Oki, Japan Earthquake Mw 7.1 and its 

aftershocks (impulsive) for 6 stations (Schubert, 2007). 

 

Thus we can suppose the source time function of the aftershock as a Delta function δ 

(idealized impulse) which represents a point source in physics  (Xa(t) = δ(t)).  
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We can confirm this approach by comparing the moment magnitudes (Mw) of the 

mainshock 7.1 and the aftershock event 6.0 (Clinton 2004) via Equation 3.12 which is 

moment magnitude equation of (Kanamori, 1977). Moment magnitude is directly related to 

seismic moment M0 - a way of measuring the earthquake size (Figure 3.7) as given in 

Equation 3.11.  

 

 

 

Figure 3.7. Earthquake size calculation. 

(http://web.ics.purdue.edu/~ecalais/teaching/eas450/seismology4.pdf) 

 

              (3.7) 

 
        

 

  
 

(3.8) 

 
        

 

 
  

 

    
 

(3.9) 

 
   

       

      
  

   

    
 

       

    
 

  

    
 

(3.10) 

                     (3.11) 

    
     

   
       (3.12) 

 

Thus we obtain the size of the earthquake where µ is rigidity, A is the fault area L 

(length) x W (width),    is the mean displacement and P is the potency        . Equation 

http://web.ics.purdue.edu/~ecalais/teaching/eas450/seismology4.pdf
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3.6 shows that the fault area of the mainshock approximately equals to 12 times the fault 

area of the aftershock event. 

 

    
     

   
                                    

 

 
      (3.13) 

    

   
 

       

       
 

(3.14) 

 

The site, response and the radiation pattern effect are the same for both of the events 

because of the close focal mechanisms and locations. Ua(t) ≈ δ (t)  Qa(t)   Ia(t) = Qa(t)   

Ia(t) since δ (t)   f(t) = f(t) and thereby if we know the empirical Green's function which 

equals to Ua(t), we can compute the solution of the source time function for main shock 

Xm(t) via deconvolution in the time domain as given in Equaiton 3.5 

 

                      (3.15) 

 

or division in the frequency domain using Equation 3.16.  

 

                     (3.16) 

 

We can show the convolution as a serial product or a matrix multiplication by using 

the Toeplitz matrix where each diagonal is constant. So source time function can be 

deconvolved by linear matrix inversion Clinton (2004).  

 

We used the iterative time domain deconvolution algorithm of (Ligorria and 

Ammon, 1999)-an application of the (Kikuchi and Kanamori, 1982) method -to estimate 

the source time functions. This algorithm is built on a least squares minimization. The 

convolution of empirical Green's function with the iteratively renewed Gaussian pulse 

summation gives us the synthetic signal. The amplitude and position of Gaussian pulses are 

determined by cross correlation of the mainshock and aftershock seismograms at each 

iteration (Ligorría, 2000). The pulse amplitude is proportional to the maximum cross 

correlation coefficient which is an indicator of the similarity between the two sets and its 

time offset which depends on the related time lag (Stich et al., 2005). (  symbol signifies 
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the correlation.) If Ua(t) represents the aftershock and Um(t) represents the mainshock 

seismogram, then a cross correlation of these two seismograms is: 

 

                                      

 

  

 (3.17) 

 

Convolution of the initial guess of the source time function x(t) with aftershock Ua(t) 

gives synthetic seismogram s(t).  

 

                   (3.18) 

 

The iterative source time function       is x(t) unless the misfit fails under a 

predefined value. While generating the source time function      , a sequence of Gaussian 

pulses with a time shift are summed. In the frequency domain, it is given by: 

 

                           (3.19) 

          (3.20) 

   

      exp(-PI^2*(f/5)^2) 

      exp(-PI^2*(f/2)^2) 

      exp(-PI^2*(f/1)^2)  

 

 

 

Figure 3.8. Comparison of Gaussian pulses according to parameter α. 
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Parameter α is the Gaussian width parameter which is related to bandwith of the 

signal as given in the Equation 3.19. As alpha parameter α gets larger the bandwidth also 

gets larger (Figure 3.8). Parameter alpha α is inportant for the resolution of the source time 

function and it controls the frequency content (Table 3.3). 

 

Table 3.3. The frequency content according to parameter α. 

(http://eqseis.geosc.psu.edu/~cammon/HTML/RftnDocs/seq01.html) 

 

Value of alpha a Frequency (Hz) 

at which G(f)=0.1 

Approximate pulse width 

(s) 

10 4.8301 0.50 

7.5 3.6226 0.61 

5 2.4151 0.75 

2.5 1.2075 1.00 

1.25 0.6038 1.50 

1 0.4830 1.67 

0.875 0.4226 1.78 

0.75 0.3623 1.92 

0.625 0.3019 2.10 

0.5 0.2415 2.36 

0.4 0.1932 2.64 

0.3 0.1449 3.04 

0.2 0.0966 3.73 

0.1 0.0483 5.27 

 

After each iteration, the synthetic seismogram s(t) is removed from the mainshock 

seismogram Um(t).  

 

    
                (3.21) 

 

Thus the primary event is elimnated. The    
    is substituted into the Equation 

3.17 for the Um(t). This process continues to find the other amplitudes and spike delays and 

adds every pulse to the source time function and hence the misfit decreases. The iteration 

http://eqseis.geosc.psu.edu/~cammon/HTML/RftnDocs/seq01.html
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stops when the decrease in misfit becomes unimportant. The scaled error   can be 

calculated by using the weighted norm (Ligorría, 2000): 

 

    
          

       
 (3.22) 

 

where j shows the iteration number. 

 

                      (3.23) 

               (3.24) 

      (3.25) 

 

The Equation 3.24 gives us the misfit value. Iterative time domain deconvolution is 

not based on a regularization. This algorithm takes the crucial features initially, after that it 

brings out the other properties. It produces a causal source time function. 

 

epicentre(x0,y0)

rupture is growing

Rupture Surface S

x
y

 

 

Figure 3.9. Model of the empirical Green's function method modified from Clinton (2004). 

Red star shows the epicentre of the earthquake. 

 

      represents the observed vector displacement for the station i and           is 

the vector displacement at the station i as a result of dislocation on the fault at (x,y) 

cartesian co-ordinates along strike and plunge (Figure 3.9). 
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 (3.26) 

 

         is the slip history at (x,y) cartesian co-ordinates and           is the 

Green's functions which is the displacement at the station i because of a unit step function 

dislocation on the fault at (x,y). Mainshock displacement is then given by the Equation 

3.27 and if we write the surface S as length L and width W of the fault, we obtain the 

Equation 3.28.  

 

   
                            

 

 (3.27) 

   
          

 

 

       
 

 

                 (3.28) 

 

The Green's function at the point (x,y) given by Equation 3.29 and 3.30 is same as 

the shifted version of the Green's function at the epicentre (     ) with a time delay of 

        which shows the travel time difference between the point       and the epicentre 

(     ). 

 

                                    (3.29) 

 

or 

 

                               (3.30) 

 

Since the delta function δ has the property of (Bracewell, 2000) 

 

                      (3.31) 

 

If we put the Equation 3.29 into the Equation 3.27, then we get: 
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(3.32) 

   
                    

     (3.33) 

 

The source time function at the station i,   
     and the mainshock potency    are 

given in Equation 3.34 and Equation 3.35 respectively: 

 

   
                              

 

 (3.34) 

 
       

        
(3.35) 

 

On the other hand the duration of the aftershock source time function is too short, so 

it becomes a multiplication of a δ function with the aftershock potency   . 

 

   
         

            (3.36) 

 
  

                    
      

 

  
    

       
     

(3.37) 

 

Thereby we obtained source time function at every station by deconvolving the 

aftershock event from mainshock event. In order to equalize the weights of the source time 

functions, we normalized them to unit area.  

 

If we discretize the fault area into patches as shown in Figure 3.10 then we get the 

large event's ground motion       as a sum of each fault patch's motion as given in 

Equation 3.38 (Yang, 2009). In Equation 3.39        denotes the empirical Green's 

functions for small earthquakes. Thus the empirical Green's function summation approach 

gives us the large event's ground motion. 

 



30 
 

 

               

 

   

 

   

    (3.38) 

                          

 

   

 

   

 (3.39) 

 

W

L

U(t)

uij(t)

dij(x,y,t)subfault (i,j)

Fault = N subfaults

Station

 

 

Figure 3.10. Model of the empirical Green's function method modified from Yang (2009). 

Red square shows the subfault on a rupture fault and green triangle shows a station. 

 

3.4.  A Brief History of Slip Inversion 

 

Some large earthquakes have an importance in the history of slip inversion method 

(Schubert, 2007). The first studied earthquake was 22 May 1960, Chielan Earthquake Mw 

9.5 which is the largest earthquake in the world so far. Fault length of the Chilean 

Earthquake was 1000 km and rupture velocity was between 3 and 4 km/s (Benioff et al., 

1961; Press et al., 1961). A finite fault model which is called Haskell model was 
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introduced in 1960s. This model shows the unidirectional rupture propagation along a 

rectangular fault with a constant rupture velocity and rise time which is rational for strike-

slip faults (Aki and Richards, 2002; Haskell, 1964, 1969).  

 

June 28, 1966 Parkfield M 6.0 Earthquake which is one of the well studied 

earthquakes showed that the earthquake source can be represented with a dislocatiion 

propagation (Aki, 1968). Kanamori and Anderson (1975) formulated empirical relations 

for large earthquakes on the basis of a constant stress drop. 

 

Trifunac (1974) calculated slip on each subfault for 9 February 1971, San Fernando 

Earthquake via least squares method and thus he resolved the inversion problem first time. 

February 4, 1976 Guatemala Earthquake which involves 10 different pulses was proof of 

not all the earthquakes have a simple rupture (Kanamori and Stewart, 1978; Kikuchi and 

Kanamori, 1982; Kikuchi and Kanamori, 1991) as seen in Figure 3.11.  
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Figure 3.11. Location and focal mechanisms which are proportional to seismic moment of 

subevents for 1976 Guatemala Earthquake (Kikuchi and Kanamori, 1991). 

 

The 15 October 1979 Imperial Valley Earthquake with Mw 6.4 was slip modeled by 

various groups which gave the opportunity to compare the models (Archuleta, 1984; 

Hartzell and Heaton, 1983; Olson and Apsel, 1982). The Mw 7.5 1999 Chi-Chi, Taiwan 

Earthquake was one of the best recorded and slip modeled earthquakes due to its dense 

station coverage (Ma et al., 2001).  

 

Other important earthquakes which are well-studied on slip inversion are the 1989 

Loma Prieta, California, M 6.9 Earthquake (Beroza, 1991; Liu and Archuleta, 2004; Steidl 
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et al., 1991; Wald et al., 1991), 26 June 1992 Landers Earthquake Mw 7.2 (Wald and 

Heaton, 1994) (Figure 3.17.a), 17 January1994 Northridge Earthquake Mw 6.7 (Hartzell et 

al., 1996; Wald et al., 1996). 17 January 1995 Hyogoken-Nanbu, Kobe Japan Earthquake 

Mw 6.9 and 10 June 2000 Tottori, Japan Earthquake Mw 6.7 are similar in size. 2000 

Tottori Earthquake took place on a left lateral strike slip fault which was unknown before 

(Semmane et al., 2005) while Kobe Japan Earthquake occurred on a right lateral strike slip 

fault. Figure 3.12 shows kinematic source models of some famous earthquakes. 

 

.  

 

Figure 3.12. Kinematic source models for the 1992 Landers Earthquake, 1995 Kobe 

Earthquake, 1994 Northridge Earthquake, 1979 Imperial Valley Earthquake and 1984 

Morgan Hill Earthquake (Schubert, 2007). 
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3.5.  The Inversion of Source Time Functions 

 

The shapes of the STFs varying with the azimuth of the stations were mapped into 

the spatial evolution of slip on the fault plane. We used the inversion method of (Dreger, 

1994) where source time functions are modelled to obtain slip distribution on the fault 

plane with constant rupture velocity and rise time using a linear least squares inversion 

with positivity constraint. In order to obtain the best fit rupture parameters, we have 

performed a grid search over rupture velocity and rise time.  

 

In order to construct slip models, we need source parameters such as hypocenter 

coordinates (latitude, longitude and depth), size of the rupture surface (length and width) 

and the fault orientations such as dip and strike (Schubert, 2007). In our study, each 

subfault            along strike of 241° and dip of 51°. We take the fault length (L) 

and width (W) as 90 km and 70 km, respectively, so the total number of subfaults is 6300. 

For each inversion the rise time    and the rupture velocity    are fixed. We compared the 

inversion results according to variance reductions and found the optimal values for    and 

   as well as the slip distribution.  

 

The summation of the product of each subfault's source time function    and the 

weight     equals to    which is the source time function at the station i as given in 

Equation 3.41 (Dreger, 1994). N denotes the number of subfaults and time delay   is: 

 

     
   

 
 (3.40) 

 

where V is the wave speed and     is the distance between the i-th station and the j-th 

subfault.  

 

                           

 

 

                    

 

 

    (3.41) 

 

In matrix form, it can be written as        where d is the data vector and shows 

the observed source time functions; G is the forward operator containing the STFs with the 
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time delays; m is the model vector consisting of the unknowns namely weights of all 

subfaults. A stable solution requires the use of some constraints. We impose two 

constraints 1) a positivity constraint which means no backward slip is allowed 2) a spatial 

derivative minimization constraint which smoothens the slip model. L shows a matrix of 

second spatial derivatives (Laplacian) and   is a constant which shows how strong the 

smoothing equation is. The nonnegative least squares method of (Lawson and Hanson, 

1974) (it provides the positivity constraint thus the solution vector has nonnegative 

elements and prohibits backward slips) with a smoothing operator is applied to find the slip 

weight vector w (Dreger, 1994).  

 

  
 

   
       

 

 
  (3.42) 

 

First, we have determined the smoothing constant       in our inversion process 

by trial and error (Figure 3.15). This was the smallest weight that generated a smooth 

model which has approximately maximum fit to data. It is compared by variance reduction 

formula in the Equation 3.38 (Dreger 2002) where d is data and s is synthetic time series. 

Moreover, if     then this means there is no smoothing. 

 

         
        

 
 

     
 

 
        (3.43) 
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Figure 3.13. 2D Laplacian smoothing model modified from (Shear, 1999). 

 

Laplacian operator is as follows: 

 

   
  

 

   
                             (3.44) 

 

Laplacian of the jth point in a 2D model is given by (Figure 3.13)  (Shear, 1999): 

 

   
   

 

 
                            (3.45) 

 

However we used a specific Laplacian in our process:  

 

 

  
   

 

 
                                

                              

    

(3.46) 



37 
 

 

We are searching for the model m which minimizes L2 norm of the misfit function 

 . 

 

                        (3.47) 

 

The roughness p is the average 2nd order finite difference sum of the N number of 

patches and is given by: 

 

   
      

  
 (3.48) 

 

where p=D m. 
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Figure 3.14. Graph of model roughness and misfit modified from (Shear, 1999). 

 

It can be inferred from the tradeoff curve above -which shows the data misfit and the 

model roughness- that if data fit is poor, smoothest models can be possible (as    ) 

(Figure 3.14). On the other hand, minimizing the misfit to low values i.e. good data fit 

results in high model roughness with complex solutions (as    ). Optimal models are in 

the corner of the curve, since there is a quite smooth model with good fittings to the data. 

This method is time consuming, subjective and challenging (Shear, 1999). 

 

The integral of the each source time function has to be fixed and proportional to 

scalar seismic moment M0. By using the fault slip weight vector w which is proportional to 

slip, we computed the slip (Dreger, 1994). For rupture velocity             and rise 

time          , we found the maximum slip as 3.5 m. 
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(3.49) 

    

 

 

   (3.50) 

 

We have obtained kinematic rupture models of Mw 7.1 Van Earthquake for both 

regional and teleseismic distance. It is called kinematic because slip models give the time 

history of a rupture but does not contain the full physics such as stress at each point on the 

fault, or the friction law on the fault (Schubert, 2007).  

 

Finally the model of source was tested by evaluating the difference between the 

original source time functions and the synthetic source time functions using L2-norm which 

were predicted from the model by forward modeling. 
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(a)

(b)

(c)

 

Figure 3.15. Comparison of smoothing constants and variance reductions for same rise 

time and rupture velocity (a)     ,            ; (b)     ,    

        ;(c)     ,             . 
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4.   RESULTS 

 

 

The essential part of this study is to constrain the rupture velocity, rise time and slip 

distribution, independently from two distance ranges of seismic data; regional and 

teleseismic. Afterwards we join these two datasets to improve resolution and obtain a 

better constraint spatiotemporal model of the Van Earthquake. 

 

Figure 4.1 shows the mainshock and aftershock events with source time functions at 

various azimuth-distance stations. The amplitude is different in all directions because of 

different rupture times known as "directionality affect". Toward the southwest, source time 

function has a shorter duration and higher amplitude. On the other hand, toward the 

northeast the duration of the source time function is longer and the amplitude is lower. 

Thus we can conclude that the rupture is propagating in the direction of southwest. 

 

Figure 4.2.a shows the variance reduction for different values of rupture velocity and 

rise time using the regional STF’s only. The grid search shows a clear peak around rupture 

velocity of 1.5-2 km/s and rise time of 1-2 seconds. Figure 4.2.b and 4.2.c show two end 

member slip models in the best-fitting range of rupture velocity and rise time with their fits 

to the data. 

 

The results of the grid search for the teleseismic data is shown in Figure 4.3. Figure 

4.3.a shows the grid search of the rupture velocity and rise time and associated variance 

reduction. The results from regional data are consistent with those obtained from 

teleseismic STF’s. The best-fit range of rupture velocity is 1.5-2 km/s and best-fit range for 

rise time is 1-2 seconds. 

 

Since the results for the best-fit range of rupture velocity and rise time are consistent 

from these datasets, the joint model of the regional and teleseismic data show similar peaks 

for the variance reduction with best-fit rupture velocity around 1.5-2 km/s and best-fit 

range for rise time between 1 to 2 seconds (Figure 4.4.a). The slip is primarily updip 

toward the southwest (Figure 4.4.c).  
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Figures from 4.5 to 4.10 show the slip models and the associated fits using the 

regional, teleseismic, and joint (both regional and teleseismic data) for various rupture 

velocities and rise time values which are in the range of plausible solutions based on the 

grid search results of Figures 4.2.a, 4.3.a. 4.4.a. These figures show that the results 

obtained from teleseismic distances are quite similar to the ones that are obtained from 

regional distances.  

 

The maximum slip is about 3-3.5 meters. Most of the slip is concentrated around the 

hypocenter with propagation primarily toward southwest. 

 

The azimuthal distribution of stations was not homogeneous and at some azimuths 

there was not any high S/N records and so we eliminated them from analysis. These 

azimuth ranges are 100°-120°, 140°-160° and 190°-220°. 
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Figure 4.1. The P waveforms from the mainshock and the EGF aftershock (boxes) with 

source time functions (blue traces) obtained from deconvolution of two waveforms. 
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Figure 4.2.a. Variance reduction with rupture velocity and rise time for regional data.  
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Figure 4.2. Comparison of original and synthetic STFs and the slip model inverted from regional data (b) Rupture Velocity             ; 

rise time           (c) Rupture Velocity             ; rise time          . 
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Figure 4.3.a Variance reduction with rupture velocity and rise time for teleseismic data. 
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Figure 4.3. Comparison of original and synthetic STFs and the slip model inverted from teleseismic data (b) Rupture Velocity            ; 

rise time           (c) Rupture Velocity             ; rise time          . 
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Figure 4.4.a. Variance reduction with rupture velocity and rise time for joint data.  
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Figure 4.4. Comparison of original and synthetic STFs and the slip model inverted from joint data (b) Rupture Velocity             ; rise 

time           (c) Rupture Velocity             ; rise time          . 
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Figure 4.5. (a) Comparison of original and synthetic STFs and (b) the slip model inverted from joint data Rupture Velocity             ; rise time 
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 Figure 4.5. (c) Comparison of original and synthetic STFs and (d) the slip model inverted from teleseismic data Rupture Velocity             ; rise 

time          . 
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Figure 4.5. (e) Comparison of original and synthetic STFs and (f) the slip model inverted from regional data Rupture Velocity             ; rise time 
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5
2 

Along Strike (km)

a) Slip Model inverted from Joint Data b) Comparison of original and synthetic STFs for joint stations

Variance Reduction = 82.42 %

 

Figure 4.6. (a) Comparison of original and synthetic STFs and (b) the slip model inverted from joint data Rupture Velocity             ; rise time 
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 Figure 4.6. (c) Comparison of original and synthetic STFs and (d) the slip model inverted from teleseismic data Rupture Velocity             ; rise 

time          . 
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Figure 4.6. (e) Comparison of original and synthetic STFs and (f) the slip model inverted from regional data Rupture Velocity             ; rise time 
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Figure 4.7. (a) Comparison of original and synthetic STFs and (b) the slip model inverted from joint data Rupture Velocity             ; rise time 
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 Figure 4.7. (c) Comparison of original and synthetic STFs and (d) the slip model inverted from teleseismic data Rupture Velocity             ; rise 

time          . 
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Figure 4.7. (e) Comparison of original and synthetic STFs and (f) the slip model inverted from regional data Rupture Velocity             ; rise time 
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Figure 4.8. (a) Comparison of original and synthetic STFs and (b) the slip model inverted from joint data Rupture Velocity             ; rise time 
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 Figure 4.8. (c) Comparison of original and synthetic STFs and (d) the slip model inverted from teleseismic data Rupture Velocity             ; rise 

time          . 
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Figure 4.8. (e) Comparison of original and synthetic STFs and (f) the slip model inverted from regional data Rupture Velocity             ; rise time 
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Figure 4.9. (a) Comparison of original and synthetic STFs and (b) the slip model inverted from joint data Rupture Velocity             ; rise time 
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 Figure 4.9. (c) Comparison of original and synthetic STFs and (d) the slip model inverted from teleseismic data Rupture Velocity             ; rise 

time          . 
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Figure 4.9. (e) Comparison of original and synthetic STFs and (f) the slip model inverted from regional data Rupture Velocity             ; rise time 
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Figure 4.10. (a) Comparison of original and synthetic STFs and (b) the slip models inverted from joint data Rupture Velocity             ; rise time 

        s.
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Figure 4.10. (c) Comparison of original and synthetic STFs and (d) the slip model inverted from teleseismic data Rupture Velocity             ; rise 

time          .
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Figure 4.10. (e) Comparison of original and synthetic STFs and (f) the slip model inverted from regional data Rupture Velocity             ; rise time 

        s.  
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5.   DISCUSSION 

 

 

5.1.  Comparison with Currently Available Slip Models 

 

So far, the only available finite-fault solutions for the 2011 Van Earthquake are those 

published online right after the earthquake e.g., Gaven Hayes’s solution on the USGS 

website, Chen Ji’s solution published on the UCSB Large Earthquake Database, 

teleseismic model of Utkucu 2013 and Yagi (2011) as shown in Figure 5.1.a, 5.1.b, 5.2 and 

5.3, respectively. All of these solutions are obtained from teleseismic waves using 1D 

Green’s functions (Ji et al., 2002). Figure 5.1 compares these two solutions with our best-

fit solution. The teleseismic solution of Ji 2011, Hayes 2011 and also Utkucu (2013) show 

that maximum slip is to the west of the hypocentre which is consistent with the solution 

obtained in this study from regional-teleseismic EGF’s. Rupture velocity obtained by Ji et 

al. 2011, is about 1 km/s, while Hayes 2011 has obtained 1.5 km/s. Here we obtain the 

viable range of rupture velocities as 1.5-2 km/s. This value is roughly 50% of the shear 

wave used (3.4 km/s) in this study. Maximum slip obtained by Hayes is about 4 m and the 

one obtained by Ji is about 3.5 m and rupture direction is unilateral to SW. In this study we 

obtain the maximum slip as 3.5 m. The rise time is not available to the reader from these 

models. According to Yagi (2011) the rupture direction is bilateral up-dip and the 

maximum slip 4.5 m. 
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(a) (b)

 

Figure 5.1. Various slip models for the 2011 Van Mw 7.1 Earthquake from (a) Hayes 

(2011) (b) Ji (2011). 

(http://www.geol.ucsb.edu/faculty/ji/big_earthquakes/2011/10/23/turkey.html) 

 

 

 

Figure 5.2. Slip model for the 2011 Van Mw 7.1 Earthquake from Utkucu (2013). 

 

http://www.geol.ucsb.edu/faculty/ji/big_earthquakes/2011/10/23/turkey.html
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Figure 5.3. Slip model for the 2013 Van Mw 7.1 Earthquake from Yagi (2011). 

 

5.2.  Comparison with Other Reverse Mechanism Earthquakes and Comments on the 

Rupture Parameters 

 

Here, we aim to characterize the rupture parameters of Van Earthquake by 

comparing it to other thrust mechanism earthquakes. We choose the Mw 7.5 1999 Chi-Chi, 

Taiwan Earthquake for comparison. Chi-Chi Earthquake was one of the best recorded and 

slip modeled earthquakes due to its dense station coverage (Schubert, 2007). It was a thrust 

mechanism interplate earthquake with a 5° of strike angle to NE and a 30° of dip angle in 

the direction of SW (Yagi and Kikuchi, 2001) (Figure 5.4). Since this earthquake was well 

studied with great detail, it can be used as a reference for comparison for the 2011 Van 

Earthquake. 

 

Ji et al. (2003) has modelled the Chi-Chi Earthquake using the available strong-

motion and GPS network. He has obtained a rupture velocity of 2 km/s, similar to the 2011 

Van Earthquake. The average rise time obtained for Chi-Chi is about 7 seconds. Here we 

obtain rise time of 1-2 seconds with average slip of 2.5 m inside the asperity. This 

corresponds to a slip rate of ~1.5 m/s. Therefore, although Chi-Chi and Van Earthquake 

are of different magnitude, they are similar in terms of rupture parameters.  
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Figure 5.4. Map of slip distribution and focal mechanism for the 1999 Chi-Chi, Taiwan 

Earthquake (Yagi and Kikuchi, 2001). 

 

The rupture velocity obtained here is about 45-60% of the shear wave speed. This 

slower rupture velocity is common for thrust earthquakes, where the behaviour is more 

Mode 3 crack. Usually rupture velocities are lower for reverse mechanism earthquakes in 

comparison to strike-slip earthquakes. For example, the rupture velocity of Mw8.5 2005 

Nias Earthquake is about 2-2.5 km/s (Konca et al., 2007) and in 2011 Mw9 Tohoku 

Earthquake, rupture velocity is found to be around 1.2 km/s (Simons et al., 2011).  

 

Therefore, Van Earthquake can be thought as a characteristic reverse mechanism 

earthquake in terms of its rupture velocity and slip rate on the fault. 
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Figure 5.5. Various slip models for the 1999 Chi-Chi, Taiwan Earthquake from Chi et al. 

(2001), Ma et al. (2001) and Wu et al. (2001), respectively, modified by (Schubert, 2007). 

 

5.3.  Robustness of the Solution 

 

Considering that we obtain similar results from both teleseismic and regional Green’s 

functions implies that the average rupture velocity and the rise time we obtain are reliable. 

This allows us to join the regional and teleseismic distances and model the STF’s from 2° 

all the way to 90° distances. However, further resolution tests with the given station 

configuration are necessary in order to understand the resolution of the slip distribution. 

This will be future work of this study.  
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6.   CONCLUSIONS 

 

 

We obtain a kinematic source model for the 23 October 2011 Van Earthquake using 

the Empirical Green's Function Method for both regional and teleseismic distances. The 

slip models are in good agreement with each other and also with previous studies for Van 

Mw 7.1 Earthquake. We determine the source characteristics such as rupture velocity, rise 

time where the models have high variance reductions. We find the range of rupture 

velocities between 1.5 and 2 km/s and the rise time between 1 s and 2 s. The rupture 

velocity is roughly 50% of the shear wave used (3.4 km/s) in this study. The maximum slip 

is about 3-3.5 meters and concentrated nearly at the hypocenter with a westward 

propagation along strike. The rupture progpagation is unidirectional which is consistent 

with the claim of large earthquakes are unidirectional (McGuire et al., 2001). Van 

Earthquake has a reverse mechanism with small sinistral component in terms of its rupture 

velocity and slip rate on the fault as shown in Figure 6.1.  

 

 

Figure 6.1. Map of the slip model for the October 23, 2011 Van Mw 7.1 Earthquake, inverted 

from joint data where rupture velocity is            ; rise time          .  
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APPENDIX A. LIST OF STATIONS 

 

 

Table A.1. List of teleseismic stations (20° to 90°). 

 

Station Latitude Longitude GCARC Azimuth 

MLY 65.0308 -150.739 75.9722 6.13605 

TIXI 71.649 128.867 52.3589 23.5004 

ARU 56.4293 58.5615 20.3575 24.6842 

BRVK 53.0581 70.2828 23.3764 43.4569 

HIA 49.2667   119.742 53.7101 52.1576 

TLY 51.6807 103.644 43.1672 52.1909 

KURK 50.7154 78.6202   27.472 52.6285 

ULN 47.8652 107.053 46.0141 56.9945 

MAKZ 46.808 81.977 29.2033 61.3811 

MKAR 46.7937 82.2904 29.418   61.424 

BJT 40.0183 116.168      54.7527 63.9143 

TARG 41.7291 77.8048 26.3304 72.4564 

ARLS 41.861 74.323 23.7241 72.5626 

ENH 30.2718 109.487 54.0657 77.6124 

BTK 40.058 70.818 21.2004 77.7531 

LSA 29.7 91.15 40.1171 88.1396 

QIZ 19.0294 109.843 60.1526 88.8232 

CHTO 18.8138 98.9438 51.7632 96.0891 

PALK 7.2728 80.7022 45.9301 123.204 

MSEY -4.6737 55.4792 44.6193 162.728 

ATD 11.53 42.847 27.1009 181.194 

FURI 8.89667 38.6783 30.0152 189.362 

TAM 22.7917 5.52333 35.9332 254.915 

CLTB 37.5786 13.2156 23.7176 276.699 

CUC 39.9931 15.8156 21.3368 282.103 

AQU 42.3539 13.4019 23.0227 288.62 

VLC 44.1594   10.3864 25.2245 293.043 

FUORN 46.6202 10.2635 25.4593 298.773 

KBA 47.0784 13.3447 23.4278 300.575 
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GRA1 49.6919 11.2217 25.342 306.092 

OJC 50.2195 19.7984    20.2869 312.111 

GKP 53.2697 17.2367 23.0936      317.527 

VSU 58.462 26.7347 22.4862 336.786 

 

Table A.2. List of regional stations (1° to 20°). 

 

Station Latitude Longitude GCARC Azimuth 

AKH 41.41 43.4928 2.66879 1.46702 

GUDG 42.4646 44.4772 3.81057 12.0595 

ERE 40.17 44.47 1.65105 29.7163 

QZX 41.058 45.372 2.76776 32.5721 

ZKT 41.654 46.667 3.83762 39.6204 

GDB 40.721 45.754 2.68462 41.7548 

ABKAR 49.2556 59.9431 15.8447 43.0951 

SEK 41.209 47.198 3.81971 48.575 

GANJ 40.646 46.322 2.94988 48.8688 

MNG 40.773 47.085 3.49055 53.2528 

XNQ 41.172 48.14 4.37717 54.7874 

QBL 40.946 47.837 4.06345 55.7545 

IML 40.793 48.182 4.21601 59.3823 

PQL 40.789 48.593 4.49353 61.2632 

ZRD 40.279 47.684 3.65169 63.749 

GBS 40.535 48.942 4.63771 65.5079 

NDR 40.581 49.987 5.40423 68.0307 

GAL 40.41 50.155 5.47796 70.1442 

ALI 39.958 49.006 4.51167 72.591 

NAX 39.174 45.495 1.68865 74.4406 

GLB 39.242 48.393 3.92133 81.0819 

LRK 38.643 48.34 3.86506 89.8824 

UOSS 24.9453 56.2042 17.5067 138.034 

RAYN 23.5225 45.5032 15.2746 172.661 

EIL 29.6699 34.9512 11.4291 220.2 

MARD 37.3139 40.7789 2.51289 236.328 

LEF 35.1193 32.8903 9.15791 249.998 
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CEYT 37.01 35.748 6.2959 256.459 

ANTB 36.8998 30.6538 10.2525 263.637 

KONT 37.9453 32.3605 8.71317 268.218 

KULA 38.5144 28.6607 11.5362 273.491 

ALT 39.0552 30.1103 10.3676 275.903 

SVRH 39.4469 31.523 9.26442 278.096 

BBAL 39.5427 33.123 8.02941 278.955 

KEMA 39.2688 38.4932 3.86069 279.41 

ANTO 39.8689 32.7936 8.30275 281.136 

GULT 40.4323 30.515 10.0918 283.698 

YLVX 40.5667 29.3728 10.9714 283.991 

SVSK 39.917 36.998 5.10317 285.334 

BUY 40.8523 29.1181 11.1922 285.37 

TIR 41.3477 19.865 18.1989 285.697 

ISK 41.0656 29.0592 11.2615 286.43 

RSDY 40.3972 37.3273 4.9777 291.338 

HAVZ 41.0743 35.718 6.3513 293.963 

DIVS 44.0982 19.9917 18.3311 294.471 

KVT 41.0806 36.0464 6.11946 294.783 

DIKM 41.6496 35.2578 6.87869 297.569 

TIRR 44.4581 28.4128 12.5847 301.782 

BUR31 47.644 25.2002 15.9513 309.773 

KIEV 50.6944 29.2083 15.6072 324.574 

OBN 55.1138 36.5687 17.0181 346.493 

KIV 43.9553 42.6863 5.23946 354.331 
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APPENDIX B. Slip Models Inverted From Regional, Teleseismic and Joint Data 

 

Table B.1. Slip Models for the rise time TD=1.0 s and the rupture velocities of 1.0-4.0 km/s.  

 

TD=1.0 s Regional  Teleseismic Joint 

VR = 1.0 

km/s 

   
VR = 1.5 

km/s 

   
VR = 2.0 

km/ss 

   
VR = 2.5 

km/s 

   
VR = 3.0 

km/s 

   
VR = 3.5 

km/s 

   
VR = 4.0 

km/s 
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Table B.2. Slip Models for the rise time TD=1.5 s and the rupture velocities of 1.0-4.0 km/s.  

 

TD=1.5 s Regional Teleseismic Joint 

VR = 1.0 

km/s 

   
VR = 1.5 

km/s 

   
VR = 2.0 

km/s 

   
riseVR = 

2.5 km/s 

   
VR = 3.0 

km/s 

   
VR = 3.5 

km/s 

   
VR = 4.0 

km/s 
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Table B.3. Slip Models for the rise time TD=2.0 s and the rupture velocities of 1.0-4.0 km/s.  

 

TD=2.0 s Regional Teleseismic Joint 

VR = 1.0 

km/s 

   
VR = 1.5 

km/s 

   
VR = 2.0 

km/s 

   
VR = 2.5 

km/s 

   
VR = 3.0 

km/s 

   
VR = 3.5 

km/s 

   
VR = 4.0 

km/s 
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Table B.4. Slip Models for the rise time TD=2.5 s and the rupture velocities of 1.0-4.0 km/s.  

 

TD=2.5s Regional Teleseismic Joint 

VR = 1.0 

km/s 

   
VR = 1.5 

km/s 

   
VR = 2.0 

km/s 

   
VR = 2.5 

km/s 

   
VR = 3.0 

km/s 

   
VR = 3.5 

km/s 

   
VR = 4.0 

km/s 
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Table B.5. Slip Models for the rise time TD=3.0 s and the rupture velocities of 1.0-4.0 km/s.  

 

TD=3.0s Regional Teleseismic Joint 

VR = 1.0 

km/s 

   
VR = 1.5 

km/s 

   
VR = 2.0 

km/s 

   
VR = 2.5 

km/s 

   
VR = 3.0 

km/s 

   
VR = 3.5 

km/s 

   
VR = 4.0 

km/s 
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Table B.6. Slip Models for the rise time TD=3.5 s and the rupture velocities of 1.0-4.0 km/s.  

 

TD=3.5s Regional Teleseismic Joint 

VR = 1.0 

km/s 

   
VR = 1.5 

km/s 

   
VR = 2.0 

km/s 

   
VR = 2.5 

km/s 

   
VR = 3.0 

km/s 

   
VR = 3.5 

km/s 

   
VR = 4.0 

km/s 
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Table B.7. Slip Models for the rise time TD=4.0 s and the rupture velocities of 1.0-4.0 km/s.  

 

TD==4.0s Regional Teleseismic Joint 

VR = 1.0 

km/s 

   
VR = 1.5 

km/s 

   
VR = 2.0 

km/s 

   
VR = 2.5 

km/s 

   
VR = 3.0 

km/s 

   
VR = 3.5 

km/s 

   
VR = 4.0 

km/s 
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Table B.8. Slip Models for the rise time TD=4.5 s and the rupture velocities of 1.0-4.0 km/s.  

 

TD=4.5s Regional Teleseismic Joint 

VR = 1.0 

km/s 

   
VR = 1.5 

km/s 

   
VR = 2.0 

km/s 

   
VR = 2.5 

km/s 

   
VR = 3.0 

km/s 

   
VR = 3.5 

km/s 

   
VR = 4.0 

km/s 
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Table B.9. Slip Models for the rise time TD=5.0 s and the rupture velocities of 1.0-4.0 km/s.  

 

TD =5.0s Regional Teleseismic Joint 

VR = 1.0 

km/s 

   
VR = 1.5 

km/s 

   
VR = 2.0 

km/s 

   
VR = 2.5 

km/s 

   
VR = 3.0 

km/s 

   
VR = 3.5 

km/s 

   
VR = 4.0 

km/s 
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APPENDIX C. Pre-processing  

 

Table C.1. SAC commands used for pre-processing. 

 

bp bu co $FL $FH np 4 p 2

cut t0 $CUTL $CUTH

rmean

rtrend

interpolate delta $INTDELTA

taper type HANNING WIDTH 0.1

 

 

Table C.2. The use of SAC file tool "saciterd". 

 (http://www.eas.slu.edu/eqc/eqc_cps/CPS/CPS330/cps330g.pdf)  

 

saciterd -FN N -FD D -ALP ${ALP} -POS -D 3 -N 200

 

 

-FN represents the numerator N which is the big event and -FD represents the 

denominator D which is the small event. We used          which is the width of the 

Gaussian filter. N is the number of iterations (     ) and D is the delay of the output in 

seconds. 

 

 

http://www.eas.slu.edu/eqc/eqc_cps/CPS/CPS330/cps330g.pdf

