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ABSTRACT

CRUSTAL STRUCTURE OF THE ISPARTA ANGLE AND
SURROUNDING REGIONS USING
P-RECEIVER FUNCTION ANALYSIS

Isparta Angle is located on southwestern Turkey and has a complex structure which
is a consequence of collision between African and Anatolian plates. In order to further
understand this complexity, we deployed a temporary network consisting of nineteen broad
band instruments in addition to KOERI’s permanent seismic stations in the region. Crustal
velocity and Moho depth variation were figured out along north — south and east — west

profiles formed by fourteen temporary and permanent stations.

We implemented two different receiver function methods to the recorded events.
Firstly, we applied joint inversion of receiver functions and surface wave group velocities
in order to model lithospheric velocity structure of the region. Receiver functions are
sensitive to shear wave velocity contrast and vertical travel times, however surface wave
dispersion curves are sensitive to shear wave velocity averages. Combining these different
properties of shear waves may bridge resolution gaps associated with each individual data

set. Secondly, Moho depth was calculated by applying H-K stacking algorithm.

We found that the shear velocities for crustal and upper mantle thicknesses vary
between 1.95-4.05 and 4.09-4.14 km/s, respectively, and in addition to this, Moho depth is
varying between 30.5 and 40.7 km. beneath stations on the east — west profile. On the other
hand, the shear velocities for crustal and upper mantle thicknesses vary between 1.41-4.05
and 3.97-4.23 km/s respectively, and the calculated Moho depth is between 35.5 and 47.0
km. beneath stations located on the north — south profile. Compared to the other
geophysical studies done in the same region, this is the first study to understand unusual

aspect of Isparta Angle.
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OZET

P-ALICI FONKSIYONU KULLANILARAK ISPARTA
BUKLUMU VE CEVRESININ KABUK YAPISININ BULUNMASI

Afrika ve Anadolu levhalarinin ¢akigsmasi sonucu karmagik bir yapiya sahip olan
Isparta biikliimii, Tirkiye’nin giiney-batisindadir. Karmasik olan bu yapiy1r daha iyi
anlamak icin bolgeye KRDAE’ niin sabit istasyonlarina ek olarak on dokuz adet gegici
genis bant aletler kurulmustur. Kabuk yapis1 ve Moho derinligi kuzey-giliney ve dogu-bati

profillerini olusturan on dort adet gecici ve sabit istasyonlar boyunca ¢éziimlenmistir.

Bu calismada kayit edilmis depremlere iki farkli alict fonksiyon yontemi
uygulanmistir. Birincil olarak, bolgedeki litosfer’in hiz yapisinit modellemek i¢in alict
fonksiyonlarin ve yiizey dalgasi grup hizlarinin birlesik ters ¢6ziimii uygulanmistir. Alict
fonksiyonlar kesme dalgas1 farkliligmma ve diisey seyahat zamanina duyarlidirlar, ancak
ylizey dalgalar1 ortalama kesme dalgasina duyarlidir. Kesme dalgasmin bu iki farkh
Ozelligini bir araya getirerek tek bir yontemden kaynaklanacak ¢oziimleme eksikliklerine
karst bir baglanti kurulabilir. Ikincil olarak, Moho derinligi H-K yigma teknigi

uygulanilarak hesaplanmistir.

Dogu-bati1 profili {izerindeki istasyonlarin altindaki kabuk ve iist manto kalinliklar
icin bulmus oldugumuz kesme dalgasi degerleri 1.95-4.05 ile 4.09-4.14 km/s siras1 ile
degismektedir. Buna ek olarak, Moho derinligi 30.5 ve 40.7 km. araliginda bir degisim
gostermektedir. Ote yandan, kuzey-giiney profili iizerindeki istasyonlarin altindaki kabuk
ve ist manto kalinliklar icin kesme dalgasi degerleri 1.41-4.05 ve 3.97-4.23 km/s
arasindadir. Moho derinligi ise 35.5 ile 47.0 km arasinda degigmektedir. Bolgede yapilan
diger calismalarla karsilastirildiginda, Isparta biiklimiiniin karmagik yapisini anlamak igin

yapilan ilk ¢calisma 6zelligini tagimaktadir.
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1. INTRODUCTION

The ultimate aim of a seismologist is to explore earth’s interior through examining
seismic wave recordings that are created by natural or artificial sources. In this point of
view, Lehman found the inner core, a zone of solid material, in early 1930s. In addition to
this, Andrija Mohorovici¢ discovered an interface, studying recordings of Kupa valley
earthquake in 8 October 1909 (Mohorovici¢, 1910a) called the Moho discontinuity. Since
Moho depth is varying depending on the type of crust, we can classify the structure of crust

and find out tectonic evolution of continents.

Determination of Moho depth variation beneath a seismic station using teleseismic
events started with Phinney, (1964) and Burdick and Langston, (1977). They tried to
separate earth’s response in frequency and time domain, respectively. A few years later,
Langston, (1979) introduced the source equalization procedure to isolate the response of
the crust and upper mantle beneath the station using P and S waves as recorded at the
World-Wide Standard Seismograph Network station LON (Longmire, Washington). In
addition to this, Owens et al., (1984) described a time domain inverse modeling technique
analyzing teleseismic P wave forms recorded on the mid-period pass band of Regional
Seismic Test Network station RSCP. Although single-station receiver function analyses are
usually limited to simple 1-D velocity modeling, the method is most sensitive to the details
of the vertical shear velocity distribution in the crust (Owens et al., 1984), the increased
availability of three component, digital data and the simplicity of the technique combined
to make receiver function modeling an attractive source of crustal structure information

(Ammon et al., 1993).

On the other hand, in the mid-1990s the receiver function method was improved by
adding surface waves in to calculation. Ozalaybey, (1997) present the joint inversion of
receiver function and surface wave phase velocities. The basic difference from the other
receiver function inversion techniques is to reduce the nonunique inversion results by
adding surface wave phase velocity. Julia, (2000) extended the method of Ozalaybey,
(1997) to joint inversion of receiver functions and surface wave group and phase velocities

to estimate the earth structure.



In this thesis, our study area is Isparta Angle located in south — western Turkey. The
fourteen broadband seismic stations are chosen among thirty-nine seismic stations to create
north — south and east — west profiles on the Isparta Angle. We applied the joint inversion
of receiver functions and surface wave group velocities to find out the shear velocity
structure. Also, we calculated crustal thickness utilizing H-K stacking algorithm. Our aim
is to reveal complete crustal structure of the region by combining the result of these two

different receiver function methods with the other geophysical studies.

1.1. Previous Geophysical Studies

Aegean region and south western Anatolia have been studied by many researchers
and by using various methods. With the help of tomographic and earthquake location
studies (Wortel and Spakman, 2000) and the GPS velocity vector study of Nyst and
Thatcher, (2004), we have an idea about the movement of plates in the region. However,
we do not have an idea about crustal structure of Aegean or south western Anatolia.
Therefore, geophysical studies explained below, will provide us helpful information about

the crustal structure of Aegean and south western Anatolia.

To begin with the receiver function studies, Kalyoncuoglu and Ozer, (2003)
processed data downloaded from ISP station that is located close to the Isparta Angle to
find out crustal structure beneath the station. They applied Haskell propagator matrix
technique and Grid search method in order to calculate synthetic receiver functions and
found mainly three distinct layers for crustal model. The surface layer has 2 km thickness
and 2 km/s S wave velocity. The second layer is 15 km thick and it has 3.35 km/s S wave
velocity. The third layer has 14 km thickness and it has 3.8 km/s S wave velocity.
According to these results the depth of Moho is 31 +/-1 km. In addition to this, Yelkenci,
(2006) applied H-K stacking method to receiver functions that were obtained from the
same seismic station and Bolvadin seismic station which were located on the north of ISP
station. She calculated 39.1 +/-1 km Moho depth with Vp/Vs = 1.75 for ISP and 34.3 +/-
1.4 km Moho depth with Vp/Vs = 1.86 for Bolvadin station.

To continue with, the other receiver function study was done by Zhu et al., (2006).

They installed totally 50 seismic stations throughout the Menderes Massif in north — south



direction. In addition to their temporary stations, they process the data downloaded from 7
permanent stations. They used both H-K stacking method and common conversion point
stacking method in order to calculate crustal thickness. The results show that crustal
thickness in the central Anatolia is 36 km; 28 — 30 km in the central Menderes massif and
25 km beneath the Aegean Sea. More recently, Ozakn, (2008) find out the crustal structure
of south western Anatolia especially around the Gokova Bay. Including some permanent
stations of KOERI, he used the data obtained from 12 seismic stations. He applied a new
method by improving modified method of H-K stacking to RFs. His results indicate that
the depth of Moho vary between 20 and 29.4 km from south to north respectively.

In order to see more extended picture of crustal structure of the Aegean region,
Sodoudi et al., (2006) applied P and S receiver function method with using 65 temporary
and permanent seismic stations which cover whole Aegean region. The results of the study
indicate that the southern part of the Aegean region has 20 — 22 km whereas the northern
Aegean sea has 25 — 28 km crustal thickness. In addition to these, Moho depth vary
between 32 — 40 km for Western Greece, 25 — 28 km for Peloponnesus, 25 — 33 km for
Crete and lastly 26 — 30 km for Cyclades.

Except from the receiver function studies, Erduran et al., (2007) studied surface
waves with the data that was collected from ISP station. They found that the shear wave
velocities are 2.2 — 3.6 km/s for depth of 0 — 10 km. The mid-crustal depth has low shear
velocity which is 3.55 km/s with respect to shallow depth. Also their results indicate that
the depth of Moho is changing between 25 and 45 km. They estimated 4.27 km/s shear

wave velocity below the Moho.

The following two chapters include; the tectonic structure of the Isparta Angle and
mainly two different hypotheses. The explanation of receiver function methods which the
joint inversion of receiver function and surface wave group velocities including H-K
stacking technique is described in Chapter 3. Chapter 4 includes the results of this study
and lastly Chapter 5 contains conclusion and discussion of the results in comparison to

other geophysical studies that were done in the same region.



2. EVOLUTION OF THE ISPARTA ANGLE

The Isparta Angle (IA) is located in south — western Turkey; its complex and
enigmatic structure makes IA an ideal study area for many researchers. Evolution of IA is
resulted by the affect of the interaction between the Arabian, African plates with Eurasia
on the western Turkey. The Arabian plate is moving in a north-northwest direction relative
to Eurasia at the rate of about 25 mm/yr (DeMets et al., 1990, 1994). The movement of the
Arabian plate is concluded with collision that caused westward displacement and
counterclockwise rotation of the Anatolian block (McKenzie, 1972) that could be related to

extension of Aegean.

On the other hand, the African plate is also moving in a northward direction relative
to Eurasia at a rate of about 10 mm/yr (DeMets et al., 1990) so that the displacement of the
African plate is resulted in subduction of African plate underneath the Aegean plate and
therefore is related to the slab pull which is the other debate about the extension of the
Aegean (McKenzie, 1978; LePichon and Angelier, 1979). Within this tectonic framework,
IA constitutes the junction between the Cyprus and Hellenic arcs and is a tectonic

assembles which has a complex tectonic history (Barka et al., 1997).

The unusual shape of the Isparta Angle (IA) is characterized by the Hellenic arc to
the west and the Cyprus arc to the east as shown in Figure 2.1. The Hellenic arc seems to
have a high deep angle and thus the Hellenic trench has a retreating nature with regard to
Cyprus arc (Le Pichon and Angelier, 1979, 1981; Royden, 1993) and extension behind the
Hellenic arc is arc-normal. On the other hand, Cyprus arc appears to involve a shallower
subduction with two major seamounts - the Eratosthenes and Anixamander - impinging on
the trench (Kempler and Ben-Avraham, 1987) and extension behind the Cyprus arc

appears to be arc-parallel.
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Figure 2.1. Tectonic map of western and central Turkey (left panel) and the Isparta Angle
(right panel) showing major structural boundaries (modified from Cemen et al., 1999 and
Alcicek et al., 2006). WT-Western Taurides; CT-Central Taurides; AG- Alasehir Graben;
EAFZ-East Anatolian Fault Zone; EFZ-Ecemis Fault Zone; DSFZ-Dead Sea Fault Zone;
IAS-Izmir-Ankara Suture Zone; IPS- Intra-Pontide Suture Zone; HA-Hellenic Arc; LN-
Lycian Nappe Front; MM-Menderes Massif;, MG-Menderes Graben. Box 1- Burdur
Fault; Box 2- Sultandag near Aksehir; Box 3- Aksu Fault; Box 4- Kovada Graben.

There are two fundamentally different hypotheses for the tectonic framework of the
IA. Firstly, Glover and Robertson, (1998) suggest that the IA is dominated by right lateral
strike slip fault systems. The western side of the IA is dominated by strike-slip movement
along the Burdur fault which indicates oblique fault mechanism with right lateral and
normal displacements. They also believe that the major faults bounding the eastern side of
the TA show right lateral fault mechanism with normal slip. Within these fault systems, the
IA is an extensional system between the rotating blocks of western and eastern Anatolia.
According to this view, a slab tear might localize the weak zone between the western and

eastern Anatolia in North — South direction.

Secondly, Barka and Reilinger, (1997) suggest that faulting in the region is
predominantly left-lateral so that the Burdur fault is left-lateral and acts as an
accommodation zone between the Hellenic and Cyprus arc systems. In addition to this, the
Sultandag and Aksu faults are thrust faults that accommodate present-day crustal
shortening since Anatolia is over-riding the Cyprus arc. With respect to this view, the left-

lateral Burdur fault is mainly responsible for slab tearing between the Hellenic and Cyprus



subduction systems. Extensional faulting within the Antalya basin is related to the strike-

slip tectonism of the accommodation zone.

We have mainly two opposite views about IA whereas both of ideas have a

common point which is slab tearing as shown in Figure 2.2.

Taurus uplift ~ Gondwana Cyprus arc
fragment | Isparta Angle

Trench-parallel

detachment .
Africa (Eratosthenes)

__ Hellenic arc

magmatism

>

Figure 2.2. Cartoon illustrating a hypothetical slab-tear developing beneath the Taurus
Mountains in response to the collision of one or more Gondwana indentors (indicated but
not shown) with Anatolia. Hypothetical geometry of subducting African lithosphere
beneath the Cyprus and Hellenic arcs is also shown (modified after Barka and Reilinger,
1997; Sandvol et al., 2001, 2003). KAI -Kirka-Afyon-Isparta volcanic Weld.

Although the Benioff zones and tomographic images do not yield a clear profile of
subducting slab geometry along the Anatolian African plate boundary, intermediate depth
seismicity and significant continental deformation support the idea of slab tearing and the
subsequent breakoff around the IA as shown in Figure 2.2 (Davies and Blanckenburg,
1995; Piromallo and Morelli, 1997; Wortel and Spakman, 2000). In addition to seismicity,
existing Pn velocity maps of the region suggest that the central and western Taurus
mountains are underlain by relatively slow and presumably hot uppermost mantle (Al-
Lazki et al., 2003), which would suggest that the lithosphere is thin and the topography is
dynamically supported.

The direction of subducting slab geometries is obtained by the intermediate depth

seismicity patterns which suggest that the Hellenic slab is subducting toward the northwest



and the Cyprian slab is subducting toward the northeast. Although global velocity models
show very clear evidence of a high velocity slab along much of the Hellenic arc, the
subducting slab along the Cyprian arc is much less clear (Bijwaard et al., 1998; Wortel and
Spakman, 2000).

25 26° 27 28 29° 300 31" 320 33 &
40° . 40°

39° : »\(‘\ 39°

3g | > ) 38°

) . = 3 . I g ) ”» X _
36° e - 36°

35° — o 35°

100 - . . -100

|20 ! ! ! ! ! | | ! 120
25 26 27 28 29 30 31 32 33 34

Figure 2.3. Seismic activity in the region (modified from Sahin et al., 2008)




Figure 2.3 indicates that the location distribution of earthquakes in the region.
Magnitudes are varying between 2.0 and 5.2. Location of earthquakes were obtained using
permanent station of National Earthquake Monitoring Center in addition to temporary

stations of the study.



3. RECEIVER FUNCTION ANALYSIS

3.1. Development of Receiver Function Analysis

The first crustal studies using teleseismic receiver functions were done by Phinney,
(1964). He proposed that the spectral ratio of horizontal and vertical component
seismograms could be used to find out crustal layering. The main advantage of this
technique is that it does not require the knowledge of the incident waveform whereas the

main disadvantage is the lack of the stability (Burdick and Langston, 1977).

Burdick and Langston, (1977) investigated kind of S phases within the P waveform
by comparing records of the radial component and vertical component of teleseismic
records. They believed that S phases can be related to P to S conversion at discontinuities
beneath the receiver and they also tried to model the crustal structure by comparing
synthetic seismograms with the recorded data. After this application Langston introduced
the source equalization procedure in 1979 to isolate the response of the crust and upper
mantle which is called receiver function beneath the station by deconvolving radial

response from vertical response in frequency domain.

Owens, (1984) developed a time domain inversion technique which utilizes receiver
functions obtained by source equalization procedure of Langston, (1979) in order to find
out crustal structure of his study area. This inversion technique utilized radial receiver
function with the assumption of a crust parameterized by many thin, flat and homogeneous

layers.

In addition to frequency domain deconvolution, Ligorria and Ammon, (1999)
described an iterative time domain deconvolution approach to estimate receiver function.
Although the both, time and frequency domain, types of deconvolution method indicate
good results for the data downloaded from permanent stations, iterative time domain
deconvolution shows more reliable results for the data downloaded from temporary

stations.
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Zhu and Kanamori, (2000) developed H-K stacking technique to estimate crustal
thickness. This stacking technique is converting time domain receiver function in to depth
(H) and Vp/Vs domain. The advantages and disadvantages of this technique will be
described in 3.3.1.

More recently Julia, (2000) introduced the joint inversion method by using both
receiver function and surface waves. This is very different than the other techniques since
it uses basically different types of data. Receiver functions are sensitive to shear wave
velocity contrasts but they contain no absolute velocity information. On the other hand
surface waves are sensitive to vertical shear wave averages, whereas they do not include
any information about the shear velocity contrast. Therefore, combining the information of
both receiver function and surface waves together will reduce the problem, that is the non-
uniqueness of receiver function inversions (Ammon, 1990) and produce more reliable
solutions for crustal structure. This property of joint inversion of receiver functions and

surface waves makes it superior with respect to the other receiver function methods.

Fundamentally, there are two types of receiver function techniques. The former is
the P — receiver function; the initial receiver function technique as explained above. The
latter is the S — receiver function technique. The main difference between these two
techniques is the first one uses P to S converted phases whereas the second one uses S to P
converted phases. The advantage of S receiver function is that the converted S to P phases
arrives earlier than the main S phase so that conversions from upper mantle do not mix
with crustal multiples (Li et al., 2004; Sodoudi et al., 2006). This provides us an advantage

for upper mantle studies.

In this thesis, P — receiver functions were used to find out the crustal structure of the

Isparta Angle (IA).
3.2. Basics of Receiver Function Analysis
Teleseismic receiver functions are often used to determine crustal and upper-mantle

discontinuities beneath a seismic station (Langston, 1977; Owens et al., 1984; Li et al.,

2000; Yuan et al., 2000). Teleseismic P waveforms recorded at a three-component seismic
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station include significant information about the earthquake source, the Earth structure in
the vicinity of both the source and the receiver, and mantle propagation effects. It is the
most important for the receiver function studies that the Earth structure beneath and near
the receiver among these information. In order to gain this, the response of crust and upper
mantle should be isolated from the other factors which interact with the observed

seismograms recorded at teleseismic distances.

The main idea in the receiver function studies is that the teleseismic incident P
wave will be converted to S wave when the incident P wave come across a relatively sharp
velocity discontinuities in the crust and upper mantle. The ray paths of converted P wave

and corresponding phases are shown in Figure 3.1 and Figure 3.2.
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Figure 3.1. Phase arrivals of teleseismic incident P wave at a seismic station in a

homogeneous isotropic medium (modified from Ammon, 1991).
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Figure 3.2. Receiver function traces that show direct, converted, and multiples direct P, Ps,

PpPhs, PsPhs+PpShs, PsPhs respectively (modified from Ammon, 1991).
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The amplitude of converted phases and multiples depend on the P wave incidence
angle and the size of the velocity contrast that generates the Ps and multiples PpPhs and
PsPhs+PpShs. In addition to this, the arrival times of the converted phases and multiples

depend on the depth of the velocity contrast and P wave incidence angle.

In receiver function studies, selecting the appropriate teleseismic events is very
important before isolating the receiver functions. In order to do this, the basic criteria,
generally, is that the magnitudes of teleseismic events should be greater than 5.5 since
teleseismic events below this magnitude could not be recorded clearly. The other basic
criteria is that the epicentral distances of teleseismic events should be between 30 and 90
degrees P waves are steeply incident and dominate on the vertical component of ground
motion, whereas Ps converted phase are contained almost exclusively on the horizontal
components of ground motion in this epicentral distances (Cassidy, 1992). A significant
note in here is the azimuthal coverage of teleseismic events. This is simply because the
structure of the Earth could vary with azimuth and distance and therefore the instrument
response will be different depending on the azimuth and distance. In order to gain a
reliable receiver functions for the study area, a good azimuthal coverage is needed. In
addition to azimuthal coverage, the seismometer type used in the receiver function analysis
could affect the results also. Generally, three component broad-band seismometers are
preferred to use since they have a flat velocity response throughout most of the lower
frequency bands in contrast to the spectrum of short period stations, which has a better

coverage of seismic energy.

The selected teleseismic events with properties given above need to be filtered.
Since the receiver function studies utilize teleseismic events, high frequency content in the
teleseismic recording could affect result in an unexpected way. By applying 0.05 Hz to 1
Hz or 0.1 Hz to 1 Hz band pass filter, the high frequency content are eliminated which are
affected by small-scale heterogeneities and site effects in the waveform. Also filtering
makes it easier to see first P wave arrival in recordings of teleseismic events which will
help windowing the data. Filtered teleseismic events should window long enough including
converted phases and multiples. Therefore, it is common to window teleseismic events are
generally windowed 60 seconds before the first P wave arrival to see pre-signal noise and

60 seconds after the first P arrival. This is because, converted and reverberated phases from
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crust and upper mantle discontinuities are generally expected within the 60 seconds after
the first P wave arrival time. However, the window length could vary depending on the

thickness of crust.

In receiver function analysis, the last step before deconvolution procedure is
rotating the filtered and windowed teleseismic events. Broadband three component
seismometers record teleseismic events on vertical (Z) and horizontal (N-S), (E-W)
components. However, the radial (R) and tangential (T) components of the records need to
be rotated to separate Ps converted waves from direct P waves. Horizontal components, in
other words (N-S) and (E-W) components will be R and T components respectively. The
reason of using ray based coordinate systems is that radial component is more sensitive to
SV and transverse component is more sensitive to SH. In addition to this, P to SV
converted phases which have primary importance in receiver function studies are radially
polarized and observed on radial component. On the other hand P to SH components are
transversally polarized so that it should be on the transverse component. Back-azimuth
(BAZ) was used to rotate events to R and T components. Back-azimuth could be calculated
if we know the coordinates of station and hypocenter of event. It is the angle measured
between the vector pointing seismic station to source and seismic station to north

(Scherbaum and Johnson, 1992), simplified model of BAZ given in Figure 3.3.
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Figure 3.3. The back-azimuth (BAZ) (modified from Zor, 2002).

Source

The effects of filtering, windowing and rotating can be seen in the following Figure

3.4.a and Figure 3.4.b. The first one shows row data downloaded from Akdéren (AKRN)
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station. The second figure shows the result of filtering, windowing and rotating which

belongs to the same teleseismic event.
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Figure 3.4. The teleseismic event that recorded at Akodren station on julian date of

273, 2006, with magnitude 5.6 Mb. a) Raw data. b) The data after filtering,

windowing, rotating.

The preparation of raw data will result in the application of deconvolution procedure

which is the gaining of radial and tangential receiver functions. In receiver function

studies, the means of deconvolution is spectral division of the radial and transversal

components to vertical component. By applying deconvolution, we are eliminating the

effects of the source, ray path and instrument response so that we obtain the signal which
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includes the first arriving P wave and later arriving S wave conversions and locally
generated reverberations beneath the stations. The deconvolution can be done either in
time or in frequency domain. In estimating receiver functions, the deconvolution technique
in frequency domain was proposed by Langston, (1979) and in the time domain was

proposed by Liggoria and Ammon, (1999).

3.2.1. Frequency Domain Deconvolution

According to Langston, (1979), in the time domain, the form of the theoretical

displacement response for a P plane wave impinging under a stack of horizontal or dipping

interfaces can be given by

D, (1) = 1(t)*S()*E, (1) G.1)
Dg (1) = 1(t) * S(1) * B (1) (3.2)
D; (O = 1) * SO * E; (1) (3.3)

As we see on the equations, the theoretically calculated displacement response is

equal to convolution of I(t) that is the impulse response of the recording instrument, S(t)
that is the seismic source function and E, (t), E;(t) E; (t)that are the vertical radial and

tangential impulse response of the earth structure.

In the recordings, the horizontal components of ground motion will generally be
different from the vertical component since the earth structure beneath the seismic station
will produce P to S type phase conversions. The advantage of this difference is that the
vertical component is composed of a steeply incident P wave consists of a large direct
arrival followed later by only minor arrivals because of crustal reverberations and phase
conversions except there is no high velocity structure (> 2 km / sec) in the earth structure
beneath the seismic station. Therefore, we can assume the vertical impulse response of the

earth structure as a Dirac delta function d(t).

E, (t) =~ &(t) (3.4)
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Using the advantage of this assumption, the vertical component of the ground motion

will be

D, () = I(t)*S(1) (3.5)

We can clearly see that the above equation is include the same parameters |(t) and
S(t) as in equations 3.2 and 3.3 which mean the radial Dg(t) and the transversal D (t)
displacement response. If we would like to gain the radial and transversal impulse
response of the earth structure, it will be enough to deconvolve D, (t) from Dg(t) and
D; (t). In the frequency domain this process will be equal to division of radial component

with vertical component,

Dy(@) _ Da(@)

=) = )5 " Dy (@)

(3.6)

D;(0) _Di(o)

=) = s " D, @)

(3.7)

Er(w) and E;(w) are our radial and tangential receiver functions and they can be
retransformed back into the time domain. In order to make the denominator real we can
multiply denominator with complex conjugate D, " (@) so that the radial receiver function

will equal to,

D (@)D, (@)

=D @b, @)

(3.8)

By adding a complex conjugate to our calculation, E; (@) can be defined for the

entire frequency band of spectrum. The same calculation could be done for E; (o).

In order to limit the final frequency band by excluding high frequency signals not

obviously present in the original recording, equation 3.8 is multiplied by the Gaussian
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filter. The reason of choosing low pass Gaussian filter is that its smooth symmetric shape,

zero phase distortion and lack of side-lobes (Langston, 1979).

_De(@)D," (@)

E -
(=5, @D, (@)

() (3.9)

In equation 3.9 G(w) is low pass Gaussian filter and can be defined as
G(w) = g4’ (3.10)
In equation 3.10 o controls the width of Gaussian pulse and it is used to remove
high frequency content. The values of « and corresponding frequency is shown in Table

3.1.

Table 3.1. The « values with respect to frequencies at which G(w) is equal to 1 (modified

from Ammon,http://eqseis.geosc.psu.edu/~cammon/HTML/RftnDocs/seq01 .html)

a values | Frequency(Hz)

10 4.8

5 24
2.5 1.2
1.25 0.6
1.0 0.5
0.625 0.3
0.5 0.24
0.4 0.2
0.2 0.1

In equation 3.9, the divider term could take very small or zero values for certain
sections of the frequency spectrum. Consequently, the division by very small or zero
values could lead to numerical problems in the frequency domain. Therefore, equation 3.8

is not used to compute the radial response of the earth. In order to eliminate problems, a
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technique suggested by Helmberger and Wiggins, (1971) and Dey-Sarkar and Wiggins,

(1976b) called water level deconvolution technique is applied to equation 3.9.

_ D@D, (@)

D (o) () G.10

Er (@)

The divider term of equation 3.9 D, (w)D, *(w)is replaced by @ () that is equal

to,
@ (w) = max{D, () D, * (@), ¢ max[D, (@) D, *(w)] } (3.12)

The function @ (w) can be thought of as simply being the autocorrelation of
D, (w) with any spectral troughs filled to a level depending on the water level parameter,
¢ (Langston, 1979). ® (w) is used to replace small values in equation 3.12 with a

fraction of the maximum value of the denominator. The consequences of replacing small
values with larger values in the denominator result in an attenuation of spectral energy at

frequencies for which the vertical component has small amplitude (Ammon, 1991).
3.2.2. Iterative Time Domain Deconvolution

In some cases, which deconvolution method is superimposed the other one is not
important. It has a direct relation with the kind of seismic data used in the study. According
to Liggoria and Ammon, (1999), if the data has good signal to noise ratio and belongs to a
permanent station that works for many years at the same place; both frequency and
iterative time domain deconvolution method should give similar results. However, if the
data is downloaded from a temporary station and has no good signal to noise ratio,

deconvolution method to be used in the study should be chosen carefully since the results

vary.

The basic aspect of iterative time domain approach is a least square minimization
of the difference between the observed horizontal seismogram and a predicted signal

generated by the convolution of an iteratively updated spike train with the vertical
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component seismogram (Liggoria and Ammon, 1999). Iterative time domain

deconvolution method can be applied to both radial and transverse components.

Let us look at now how this method works: first, the vertical component is cross
correlated with the radial component to estimate the lag of the first and largest spike in the
receiver function. Then the result is convolved with the vertical component seismogram
and subtracted from radial component seismogram. The result will again be cross
correlated with the vertical component. Therefore, the misfit between the correlated
receiver function and radial component will be reduced by every iteration. This procedure
will go on to estimate other spike lags and amplitudes until the misfit and additional spikes

become unimportant (Liggoria and Ammon, 1999).

Although we can clearly observe direct P and converted Ps phases in figure 3.5,
there is a difference on these radial receiver functions between 8 and 11 seconds. The

source of the small difference could be the improper water level used in frequency domain
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Figure 3.5. Radial receiver functions that are obtained from iterative time domain
deconvolution (top) and frequency domain deconvolution (down) belong to the teleseismic

event recorded at Akdren seismic station as in Figure 3.4.

In the following paragraphs, receiver function techniques used in this thesis will be
described.
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3.3. Receiver Function Techniques
3.3.1. H-k Stacking Technique

Teleseismic receiver functions can be used for estimating crustal thickness H and

V, /V, ratios beneath a station since the P—to—S converted phase at the Moho and the

first multiply reverberated phases in the crust generally apparent in the receiver function
waveforms and their relative travel times then can be employed to constrain the thickness

and the V, Vs below the recording station (Zandt and Ammon, 1995).

In receiver function recording, the first phase at t = Oreferred to as direct P wave
arrivals is a measure of the zero lag correlation between the radial and wvertical

components. The next strong phase around t~5 second represents the P converted

phase due to the Moho (Eaton et al., 2006). Crustal thickness can be calculated by using

the time seperation between P and P for a given average crustal velocities,

1:Ps

L_ 2 L_ 2 (3.13)
o

In equation 3.13, pis the ray parameter of the incident wave, V, and V are average

H =

crustal velocities, H is the thickness of the crust, t, is the time separation between P and

P.

Calculating crustal thickness using time separation between direct and converted
phase with equation 3.13 will not produce reliable results due to trade off between depth
and velocity. However, we can eliminate this difficulty with adding later converted phases

that are PPy and P,S + PP

The crustal thickness can be calculated using the arrival time of the PPy,



and for PS¢ + PP,

H — thSs+PsPs
1
2 |—-p’
Vv’
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(3.14)

(3.15)

By using equations 3.13, 3.14 and 3.15 both x and H can be calculated (Zhu, 1993;

Zandt et al., 1995; Zandt and Ammon, 1995). The intersection of curves as in the Figure

3.6 will give the best values of H and «.

However, it is not generally easy to identify converted Py phases and other

multiples P.P; and P.Sg +P;P; due to background noise, scattering from crustal

heterogeneities, and P to S conversions from other velocity discontinuities. In order to

increase signal to noise ratio, stacking multiple events on the time domain will be helpful.
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Figure 3.6. H — k relations, as given in equations 3.13, 3.14 and 3.15 for different Moho

converted phases. (after Zhu and Kanamori, 2000).
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Therefore, Zhu and Kanamori, (2000), have developed a H —x stacking technique

that sums the amplitudes of receiver functions at the predicted arrival times of Py, P,P;
and P,S¢ + PP for different crustal thicknesses H and x. This transforms the time
domain receiver functions directly into the depth and V, /V; domain without the need of

identifying converted phases and multiples and to pick their arrival times with assuming a

starting average P wave velocity model. H —x stacking can be defined as

s(H —x) =D wrf, (t) +w,rf, (t,) — wyrf (t,) (3.16)

where H is the thickness « is the V, /V; ratio, rf;(t) are the receiver functions, with j
ranging from 1 to the total numbers of wave forms. t; ,t; and t; are the predicted P, P,P
and P,S¢ + PP, arrival times corresponding to crustal thickness H and V, /V; ratio (k)

as given in the 3.13 —3.15, w, are weighting factors and total of them will be equal to one.

dw =1 (3.17)

Among these weighting factors, the highest one (w, ) will belong to the delay time
of P, almost 60 — 70 % since P is converted from the Moho and it is most clearly
observed receiver function recording. In addition to this, the weightening factor of P, P
(w,) will have 20 — 30 % and the weightening factor of last multiple (w;) which is

P.Sg + PPy will affect 0 — 10 % the calculation.

The best estimation of H and x are found where there phases are stacked
coherently. An example is shown in figure 3.7. The different weightening factors were

applied the same receiver functions.
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Figure 3.7. The result that obtained different weighting factors for ISP station. a) w, =5,
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w,=2, w,=1b) w=5, w,=5, w;=0 ¢) w,=9, w,=1, w; =0. Even different

weighting vales the results are very close to each other. H =38.6£0.1 and x =1.75.

An advantage of this of method is that the differential arrival times of converted

phases and multiples are less affected by lateral velocity variations since the conversion
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point of P to S is close to the station. In addition to this, using of differential times in the

calculations, crustal P velocity is not as strong as converted S velocity.

On the other hand, the disadvantage of this method is that we assume a planar,
homogeneous Moho discontinuity and no lateral variation in our calculations. However, if

Moho is dipping the V, /Vs will be affected in the basis of longer travel times for multiples

traveling up-dip with respect to those generated at a horizontal interface (Ligorria, 2000).
Conversely, multiples travelling down-dip will travel shorter distances. This will lead the

variation for V, /V; and depth. Another disadvantage is that the presence of gradational

Moho discontinuity instead of sharp, well defined Moho discontinuity (Julia, 2004). This
condition is the reason of the energy from the boundary interaction phases that spread in
time so that the corresponding pulses decrease in amplitude and increase in width
(Cassady, 1992; Liggoria, 2000). In addition to this, H —x stacking method has a
difficulty in intra-crustal discontinuities. Converted phases and multiples from intra-crustal
discontinuities could interfere with the real Moho Ps converted phase which will be

resulted in time shift of the P; peak. The variation in P, time will lead to unrealistic

thickness and V,, /V, ratios.

3.3.2. The Method of Joint Inversion of Receiver Functions and Surface Waves

Obtaining crustal earth structure by combining surface wave dispersion observations
and receiver functions can supply more reliable results when compared to methods that use
single type of data. Ammon, (1990) showed that receiver functions are sensitive to shear
velocity contrast of interfaces in the medium and relative travel times of converted and
reverberated waves between those interfaces. Inversions of such teleseismic P wave
receiver functions for shear wave structure are non-unique which means given various
earth models observed and predicted receiver functions fit well. This is because, there is
not enough absolute velocity information contained in the receiver functions (Ozalaybey,

1997).

The problem of non-uniqueness could be reduced with the help of adding an

independent data set such as surface wave dispersion curves into the inversion. The main
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characteristics of surface wave dispersion are sensitive to the average shear velocity
structure of the material within the depth ranges to which they penetrate (Ozalaybey,
1997). This kind of information is not provided by receiver functions; therefore it is the
biggest drawback. However, by combining these two independent data sets, we expect the
inversion results to overcome all the missing parts that are related to both receiver function

and surface wave dispersion.

To begin with linearized inversion procedure, our aim is to translate receiver function
and surface wave dispersion observations into a model of subsurface shear velocity

structure so that the forward problem can be expressed as Julia, (2000),
y = F[x] (3.18)

In equation 3.18, yis N dimensional vector of data points, x is a M dimensional
vector that describes the model and F[ | is a nonlinear operator that maps vectors in the

model space into vectors in the data space and for receiver functions it would represent the
numerical computation of synthetic waveforms. On the other hand for dispersion curves,
F[ ] would represent the numerical evaluation of dispersion velocities. X would be taken
as a M dimensional vector of the shear wave velocities in fixed thickness layers of the

lithosphere. Equation 3.18 is inverted by a linearized, iterative approach for the nonlinear

problem (Menke, 1984),

5(y)=VF

%, " O (3.19)

Xpa = X, + X, (3.20)

OX, = X=X, is the model correction vector and 5(y)=y—F[x,] is the residual data

vector. Equation 3.19 could be solved for X, using least squares techniques (Wiggins,

1972; Jackson, 1972). In order to start iterative procedure, an initial model required which

is X,.
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Julia et al., (2000), solved equation 3.20 in terms of a linear inverse operator,

(VF X, )79 with respect to generalized inversion theory (Menke, 1984; Tarantola, 1987),

which can be written as,

X, = (VF

W) (3.21)

This inverse operator can be obtained by minimizing some functional such as in
Russell, (1987) who used a differential damped least squares scheme that minimized to

invert dispersion curves.

¢ =|d - VF|, -5 + 07D, | (3.22)

In equation 3.22, is obtained by giving an a priori influence to the norm of a first

difference solution vector during inversion process through a non negative parameter 6’

that is smoothness given in order to eliminate rapid, physically untenable, velocity
variations with depth. DX, is a vector of the first differences between shear velocity

perturbations in adjacent layers. In equation 3.22 the matrix D is

1 -1 0 0
0 1 -1 0

D={0 0 1 - 0 (3.23)
0 0 0 1

Julia et al., (2000) developed a joint inversion technique which is a linearized shear
velocity inversion that is solved using a damped least squares scheme in equation 3.22 to
implement the joint inversion of receiver functions and dispersion curves using the joint

prediction error E . The joint prediction error can be expressed as,



27

2 2

M
0 N, yi_zYinj 1-p i i Xj
E,. = N—Z = +—=> = (3.24)

y i=l GYi N

In equation 3.24, ycould be the residual dispersion curve, Y could be the partial

derivative matrix and X the shear velocities for a given set of plane layers with fixed

thickness, and z could be the residual receiver function and Z could be the partial

derivatives matrix. N, and N, are the number of data points for each data set and G; and

Gii are the corresponding variances. pis a priori value that trades off between the

relative influences of each data set called the influence factor.

In order not to dominate one data set to another, both data sets are equalized for the
number of data points and physical units in the inversion process. This is achieved by in
equation 3.24 by dividing the individual prediction error for each data set by the number of

data points and variance. For example, if we minimize one data set, it will produce

estimation X" with a prediction error close to the value N, Ei and the similar way,

minization the other data set will produce estimation x* with a prediction error close to

N y o j . In here &% is the mean value of the variance of the data set.

Julia et al., (2000), have implemented the minimization described in equation 3.24

through the following weighted system of equations,

oy, alYll alYIZ T alYlM
. . . . X,
ay, Yu, _ anYng o O Ynga o O Ym | X (3.25)
,8121 ﬁlzll :81212 ﬂlle :
s : ok,
ay, 2y, ﬁNZYNzl ﬂNZYsz B Yam

z z

where,
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2 p 1-p
o, = > and ﬂl = (326)
N, O i N, O

and minimizing ¢ in equation 3.22 in each iteration, the partial derivatives being

recomputed as the model is updated. In equation 3.25 the a priori knowledge of the data

. —2 —2 . . .. . .
variances o and ¢, are assumed, if there is no a priori knowledge is available, the

weights in equation 3.26 is can be approximated by,

__ P and 2:—1—p
a, = B N (3.27)

In equation 3.27, (03)2 and (O-j)z are values for the data variances. (Gj)z for

. . . a
receiver functions can be estimated from the transverse component and (Gy)z for

dispersion curves the value depends on the data quality, path length.

In addition the equalization, an influence parameter p is added in equation 3.24.
This is because, generally, shear velocities for both data sets are not equal to each other
XY # x® due to noise included in the data but they are close to each other. Therefore, to
investigate the full range of solutions between these two cases, the influence parameter can
take the values between 0 and 1 in which for p=0 there will no effect of surface waves, in
other words, Y in the equation 3.24. The joint inversion error would be solved for receiver
functions. In an opposite way the influence factor for p =1, there will be no effect of
receiver functions that is Z in equation 3.24 so that the joint inversion error would be
solved for only surface wave dispersion data. The other values for influence parameter

p can be given and which value of it would affect in better way for the joint inversion

error can be determinated.

In this thesis, iterative time domain deconvolution is applied to the teleseismic P
wave recordings to obtain receiver functions. The teleseismic events were selected

according to their magnitude and epicentral distances that should be equal or greater than
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5.5 magnitude and between 30 and 90 degrees respectively. Firstly, the method of joint
inversion of receiver functions and surface waves were applied to the receiver in order to
obtain the crustal structure and shear wave velocity model of the study area which is
absence in the H-K stagking procedure. However the method of joint inversion does not
indicate any information about crustal thickness. In order to cope with this situation,
secondly, H-K staking procedure was applied to the receiver functions to calculate the
crustal thickness including proper H and K values. As a result, we find out the detailed

crustal structure of study area including Moho depths and shear velocities.
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4. DATA AND DATA ANALYSIS

4.1. Data

In south- eastern Aegean around Isparta Angle, a total of thirty-nine broad band three
component seismic stations were used to determine the seismic properties of the region. 16
permanent stations belong to National Seismic Monitoring Center, 9 temporary stations
were deployed by B.U. Kandilli Observatory and Earthquake Research Institute (KOERI):
Department of Geophysics under Bogazi¢i University Research Fund (BRF-07T203), 10
temporary seismic stations were deployed by University of Missouri, 3 permanent seismic
stations belong to Siileyman Demirel University and lastly one seismic station belongs to
IRIS. Station locations are shown in Figure 4.1. In this thesis, we processed the data of ten
temporary and four permanent broadband seismic stations that create simply north — south
and east — west profiles among thirty-nine stations to determine the Moho depth variation
and velocity structure of crust and upper mantle for the region. Distribution of stations that
were selected for the study is given in Figure 4.2 and the details about the stations were

given in Table 4.1.

Table 4.1. Station parameters used in the study

Tmp and Prm indicate the temporary and the permanent stations, respectively.

Stations name & type Latitute | Longitute |Altitute (m)|Seismometer| Data avaliability range |Recorded Data Format
Acipayam (ACPY) / Tmp 37.471 29.301 921 Guralp-6TD | 03/22/2007 - 11/14/2007 GCF
Yesilova (SALD) / Tmp 37.495 29.735 1265 Trillium-120 | 11/29/2006 - 08/08,/2007 Miniseed
Celtikei (CLTK) / Tmp 37.492 30.434 934 Guralp-6TD | 03/14/2007 - 11/13/2007 GCF
Sitgiiler (SUTC) / Prm 37.476 30.399 1180 Guralp-3T | 01/29/2007 - 08/12/2007 GCF
Huglu (HULU} / Tmp 37.471 31.58 1330 Trillium-120 | 08/19/2006 - 08/10,/2007 Miniseed
Akdren (AKRN) / Tmp 37.45 32.357 1150 Guralp-3T | 08/17/2006 - 08/17/2007 Miniseed
Afyon (AFYN) / Tmp 38.762 30.464 1078 Guralp-6TD | 03/14/2007 - 11/15/2007 GCF
Suhut (SHUT) / Prm 38.33 30.33 1215 Guralp-3TD | 11/02/2006 - 12/31/2007 GCF
Haydarl (HYDR) Tmp 38.268 30.381 1267 Guralp-6TD | 03/14/2007 - 11/12/2007 GCF
Uluborlu (ULUB) / Tmp 38.120 30.463 1135 Guralp-6TD | 03/14/2007 - 11/12/2007 GCF
Isparta (ISP) / Prm 37.49 30.31 1000 STS-1 08,/01/2006 - 06/30/2007 SAC
Kizilkaya (KZLK) / Tmp 37.298 30.44 830 Trillium-120 | 11/29/2006 - 05/10/2007 Miniseed
Disemealt (DSMA) / Tmp | 37.060 30.550 341 Guralp-6TD | 03/27/2007 - 11/12/2007 GCF
Antalya (ANTB) / Prm 36.89 30.65 20 Guralp-6TD | 08/01/2006 - 08/01/2007 SAC
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Figure 4.1. Location of all seismic stations.
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Figure 4.2. Distribution of seismic stations in this study.

299 events were chosen from the USGS earthquake catalog to obtain P - receiver
functions, the distribution of events are given in Figure 4.3 and the list of the events will be

given in Appendix A. The basic criteria while creating the event catalog is that the
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magnitude should be greater than 5.5 and epicentral distances should be between 30 — 90
degrees. The reasons of criteria and more information about the data were given in section
3.2. Because of the different operation time of seismic stations and eliminating events that
include high noisy content, we could not use the same events for all seismic stations. The

data availability range for stations is shown on Table 4.1.
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=
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Figure 4.3. Azimuthal coverage of total events.

Since the data formats are different station to station, firstly, we converted all GCF
data format to miniseed data format. The reason of doing this conversion is that we used a
script which uses the miniseed data format in order to separate teleseismic events from the
raw data as shown in Figure 4.4. The script uses miniseed data at the beginning but it
converts the data for a given event list to segy data format. Using segy data, it cuts and

merges the selected teleseismic events. The script produces sac data at the end of the

process.
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Figure 4.4. The flow chart of the data conversion.

However, we realized that there are undesired spikes with the cut teleseismic events
that converted gef to miniseed data format as shown in Figure 4.5. On the other hand, we

had no undesired spikes the miniseed data that were downloaded from trillium

seismometers with Taurus digitizers.
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Figure 4.5. Shows the vertical components of teleseismic event recorded on CLTK station.
At the top figure indicate the data that was converted miniseed to sac file and at

down shows the data that were converted segy to sac file.

In order to solve this ambiguity, we made a modification to the script. After this
modification, the script uses segy data format at the beginning and produces again sac files
at the end of the process as given in the Figure 4.6. However, we had to convert all gcf
files to segy format to use the script, and as a result of this we spent more time on the data
conversion. After this modification there were no problems in selected teleseismic wave

forms.
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Figure 4.6. The flow chart of the data conversion after the modification.

Secondly, the data that were recorded in sac format which belongs to ISP and ANTB

station are cut and merged by using sacmerge as shown in Figure 4.7.
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Figure 4.7. The flow chart for the data of ISP and ANBT station.

As a result, we had three component teleseismic event records in sac data format
with magnitude greater than 5.5 and located between 30 and 90 degrees epicentral

distances.

Since our initial aim is to study the structure of crust and upper mantle, it would be
enough to cut the teleseismic events 20 sec before and 40 sec after. The reason of this
windowing is that it is common to expect converted phases and multiple in 40 or 60 sec.
from the P wave arrival. By applying 0.05 — 1 Hz band pass filter, we are eliminating high
frequency noise content and are picking more precise P wave arrivals on the teleseismic
recording. The P wave arrivals on the data were picked by hand and horizontal components
(N-S and E-W) were rotated to radial (R) and tangential (T) components according to
back-azimuth of teleseismic events. The reasons of doing these conversions are written in

chapter 3.2.

Iterative time deconvolution was applied to rotated and windowed data by using 1.5
Gaussian with factor and 200 iterations. As a result of deconvolution, we obtained radial

and tangential receiver functions as shown in Figure 4.8. We examined the obtained
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receiver functions and realized that some of Ps converted phases are not clearly observed,
and some of them were not compatible with the other receiver functions for the same
receiver functions or some of them even did not like a receiver function. We eliminated

these receiver functions by hand.

Teleseismic events

Greater than 5.5 magnitude - :
Epicentral distances between = Windowing
30 - 90 degress ﬂ

Band-pass fitler 0.05 —
1 Hz

U

Radial and Tangential
components

U

Iterative time domain

Deconvolution
Radial Receiver Tangential Receiver
Functions Functions

Figure 4.8. The derivation of radial and tangential receiver functions.

We applied the method of joint inversion of receiver functions and surface waves by
using the computer codes developed by Julia et al., (2000) to find out shear wave velocity
structure of the crust. We have P — receiver functions (RFs) for now on so we need to

surface wave (SW) dispersion curves to implement joint inversion with our data set.

In this thesis we tried to use basically two types of SW dispersion curves. The first
group of SW dispersion curves were obtained by the study of Erduran et al., (2007). He
evaluated surface wave group velocities the period range of 5 and 25 sec. at ISP station.

However, this period range is narrow for the joint inversion of RFs and SW when we
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compare with the other studies that used joint inversion code (Julia et al., 2003; Julia et al.,
2005; Gok et al., 2007; Mulugeta et al., 2007). On the other hand, the most important is
that SW dispersion curves was obtained only for the ISP station in the study of Erduran et
al., (2007) but we have thirteen more seismic stations so that we need thirteen more SW
dispersion curves at those stations. Therefore, surface waves dispersion curves obtained

from the study of Erduran et al., (2007) were not used in this study.

The second group of surface wave dispersion curves was provided by Michael
Pasyanos. Pasyanos studied the region Eurasia, North Africa and surrounding regions in
2005 using 30.000 Rayleigh and 20.000 Love wave paths. He used a conjugate gradient
method to perform group velocity between 7 and 100 sec. on 1° x 1° grid and at
resolutions approaching 1° under some condition. The Rayleigh wave dispersion curves
for each of our fourteen stations were extracted from his tomography study and utilized in

this study.

In addition to the Rayleigh wave dispersion curves, joint inversion of receiver
functions and surface wave dispersion curves require a starting initial model. Firstly, we
created an initial model by combining the study of Zor, (2002) and Kalafat, (1995). Also
the model of Kalafat, (1995) is a reference model for south western Turkey and used by the
National Earthquake Monitoring Center. We called this as initial velocity Model — 1 as
given in Table 4.2. Secondly, we created another velocity model called initial velocity
Model — 2 by using Kalyoncuoglu et al., (2003) that is about obtaining crustal structure
under ISP seismic station by receiver function with using grid search method as given in

Table 4.2.

Table 4.2. The initial velocity models.

a) Model — 1 b) Model -2
Thickness| Wp Vs Thickness| Vp
Layers (km) (km's) | (km's) Layers (km) (km/s} |Vs (km's})
1 2,00 3,50-4,40 [ 2,00-2,57 1 2 3.40-4,00 1.96-2.30
2 13,00 |[4,40-5,80|2,57-3,31 2 4.00-5.60 | 2.30-3.23
3 14,00 | 5,80-6,60|3,31-3,77 3 21 5.60-6.80 | 3.23-3.92
4 8,00 6,60-6,92(3,77-3,95 4 61.5 6.80-7.21(32.92-4.16
5 6,00 |6,92-7,78]3,95-4,45
5] 57,50 |7,78-8,10(4,45-4,62
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We used Wd/r=0.5 value which is the relative influence value of each data set,
0.5 for smoothness value and P, the ray parameter, which is the averaged ray parameter

value of RFs while running the joint inversion.

As a result, by using initial Model - 1 and initial Model — 2 with joint inversion of
RFs and SW dispersion curves, we created average velocity model for study region as

given in Figure 4.9. The results for each station will be given in section 4.2.

H-K stacking method of Zhu and Kanamori, (2000) was also applied to obtained P —
receiver functions to calculate crustal thickness in the study region which is not indicated
in the joint inversion. Combining the results of these two different methods, we present a

detailed crustal structure around the Isparta Angle.

In the Data Analysis, section 4.2., below firstly the radial and tangential receiver
functions are given. After that, the results of joint inversion of RFs and SW dispersion
curves with average velocity models for two different initial models are shown. Also, the

results of H-K stacking method with Vp/Vs ratio corresponding h (depth) value are shown.

Radial Receiver :> H — K stacking
Functions method

addition ﬂ

Crustal thickness and
Vp/Vs ratio

Surface waves dipersion
Curves

U

Joint inversion of RFs
and SWs

!

The velocity structure
beneath station

Figure 4.9. The work order of the two different methods.
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4.2. Data Analysis

4.2.1. East — West profile: ACIPAYAM (ACPY) station
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Figure 4.10. The radial and tangential RFs for ACPY station.
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Figure 4.11. Joint inversion of RFs and surface waves with two different initial models

beneath the ACPY station.



Table 4.3. Velocity structure beneath the ACPY station.

a) The average velocity results
using Model — 1.

b) The average velocity results
using Model — 2.

Thickness | Vp Vs p Thickness | Vp Vs p
Layers| (km) |(km/s)|(km/s)|(g/cm”"3)| |Layers| (km) |(km/s)|(km/s)|(g/cm”"3)
1 2,00 3,80 | 2,17 2,37 1 2,00 3,80 | 2,19 1,99
2 13,00 5,36 | 3,06 2,37 2 13,00 5,35 | 3,08 2,48
3 14,00 591 | 3,38 2,62 3 14,00 5,88 | 3,39 2,65
4 8,00 6,41 | 3,66 2,74 4 8,00 6,35 | 3,66 2,80
5 6,00 6,75 | 3,86 2,90 5 6,00 6,68 | 3,85 2,91
6 57,50 7,20 | 4,11 3,07 6 57,50 7,14 | 4,12 3,06
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Figure 4.12. The H —« stacking result for ACPY station.
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4.2.2. East — West profile: SALDA (SALD) station
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Figure 4.13. The radial and tangential RFs for SALD station.
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beneath the SALD station.



a) The average velocity results

Table 4.4. Velocity structure beneath the SALD station.

using Model — 1.

b) The average velocity results
using Model — 2.

Thickness | Vp Vs p Thickness | Vp Vs p
Layers| (km) |(km/s)|(km/s)|(g/cm”"3)| |Layers| (km) |(km/s)|(km/s)|(g/cm”"3)
1 2,00 4,66 | 2,66 2,26 1 2,00 4,50 | 2,59 2,21
2 13,00 5,20 | 2,97 2,43 2 13,00 5,17 | 2,98 2,42
3 14,00 5,82 | 3,32 2,63 3 14,00 5,81 | 3,35 2,63
4 8,00 6,40 | 3,66 2,82 4 8,00 6,35 | 3,66 2,80
5 6,00 7,09 | 4,05 3,04 5 6,00 7,05 | 4,06 3,02
6 57,50 7,21 | 4,11 3,08 6 57,50 7,17 | 4,13 3,06

vp/vs
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depth (k)

0 10 20

time (s)

60 80
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saliy aaleraselier sy
20 0 10 20
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Figure 4.15. The H —x stacking result for SALD station.

(Vp =63Km/s h=40.7+0.9 V,/Vs=1.74£0.02 corr =-89.0%)
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4.2.3. East — West profile: CELTILCI (CLTK) station
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Figure 4.16. The radial and tangential RFs for CLTK station.



o
-1
-
= =b=F..E
rl n;;
™
[} = =2 2 2 2 2 8 2 asg—
| b L B B . L =
o (ury) yidag
k= &
= b
= E.
[
) L
© o
" :E
i1 8 &
53 o
S 2 2 _
(=]
L
2 2 2 % 2 2 4 = ¥ & 8 & =
UOTIAWN,] B33 (spuy) Ko, dnouny
o
.1
- —..‘,g
D™ oS
-
o
~ °288%88% 888
I -
o (ury) ypdagy
=l
=1 . &
= 8
3¢
o) -
o -]
[= ﬁ H
F [
§ 3
",'.1 E.—.
-:I:'E \ﬁ-:
i -
- L+
e & 9w 9w N o N in = w ] 5 =]
- =1 =1 = =1 =1 = =3 = -5 ] &4 o

UOTIMIMN,] JSAIRIAY

() £1130qa p, dnoary

10 20 30 40 50 60 TO &0 B0 100

a

10 20 30 40 50 60 70 80 90 100

a

period (5)

period (5)

47

Figure 4.17. Joint inversion of RFs and surface waves with two different initial models

beneath the CLTK station.



Table 4.5. Velocity structure beneath the CLTK station.

a) The average velocity results
using Model — 1.

b) The average velocity results

using Model — 2.

Thickness | Vp Vs p Thickness | Vp Vs p
Layers| (km) |(km/s)|(km/s)|(g/cm”3)| |Layers| (km) |(km/s)|(km/s)|(g/cm"3)
1 2,00 4,30 | 2,46 2,15 1 2,00 4,20 | 2,42 2,11
2 13,00 5,41 | 3,09 2,50 2 13,00 5,39 | 3,11 2,50
3 14,00 591 | 3,38 2,66 3 14,00 5,88 | 3,39 2,65
4 8,00 6,36 | 3,63 2,80 4 8,00 6,29 | 3,63 2,78
5 6,00 6,63 | 3,79 2,89 5 6,00 6,56 | 3,78 2,87
6 57,50 7,16 | 4,09 3,06 6 57,50 7,12 | 4,11 3,05

vp/vs

36

38

40

depth (km)

42

44

80

Figure 4.18. The H — k stacking result for CLTK station.

Vo, =63Km/s h=40.7+1.7 V,/V, =1.54£0.10 corr =-80.0%)
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4.2.4. East — West profile: SUTCULER (SUTC) station
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Figure 4.19. The radial and tangential RFs for SUTC station.
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Figure 4.20. Joint inversion of RFs and surface waves with two different initial models

beneath the SUTC station.



Table 4.6. Velocity structure beneath the SUTC station.

a) The average velocity results
using Model — 1.

b) The average velocity results
using Model — 2

Thickness | Vp Vs p Thickness | Vp Vs p

Layers| (km) |(km/s)|(km/s)|(g/cm”3)| |Layers| (km) |(km/s)|(km/s)|(g/cm"3)
1 2,00 3,41 | 1,95 1,86 1 2,00 3,58 | 2,06 1,92
2 13,00 5,25 | 3,00 2,45 2 13,00 5,29 | 3,05 2,46
3 14,00 6,01 | 3,44 2,69 3 14,00 5,96 | 3,44 2,68
4 8,00 6,30 | 3,60 2,79 4 8,00 6,28 | 3,62 2,78
5 6,00 6,75 | 3,86 2,93 5 6,00 6,66 | 3,84 2,90
6 57,50 7,25 | 4,14 3,09 6 57,50 7,18 | 4,14 3,07
ol | 2 Y

qMW:m 1 w J\"\/ W\

a0 e | "

. =Wy WMJWW

0020 0 1020 0 1020

time (s) time (s) time (s)

Figure 4.21. The H — x stacking result for SUTC station.

(Vp =63Km/s h=33.4%£2.7 V,/V; =1.66£0.28 corr =72.2%)
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4.2.5. East — West profile: HUGLU (HULU) station
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Figure 4.22. The radial and tangential RFs for HULU station.
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Figure 4.23. Joint inversion of RFs and surface waves with two different initial models

beneath the HULU station.



Table 4.7. Velocity structure beneath the HULU station.

a) The average velocity results
using Model — 1.

b) The average velocity results
using Model — 2.

Thickness | Vp Vs p Thickness | Vp Vs p
Layers| (km) |(km/s)|(km/s)|(g/cm”3)| |Layers| (km) |(km/s)|(km/s)|(g/cm"3)
1 2,00 3,58 | 2,04 1,91 1 2,00 3,55 | 2,05 1,91
2 13,00 5,31 | 3,03 2,47 2 13,00 5,29 | 3,05 2,46
3 14,00 599 | 3,42 2,69 3 14,00 595 | 3,43 2,67
4 8,00 6,26 | 3,58 2,77 4 8,00 6,22 | 3,59 2,76
5 6,00 6,82 | 3,90 2,95 5 6,00 6,76 | 3,89 2,93
6 57,50 7,23 | 4,13 3,08 6 57,50 7,18 | 4,14 3,07

28 30 32 34
depth (km)

80

54

Q 10 20 0 10 20 o 10 20

time (s) time (s) time (s)

Figure 4.24. The H —« stacking result for HULU station.

(Vo =6.3Km/s h=324+4.7 V,/V, =1.86%£0.13 corr =-91.4%)
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4.2.6. East — West profile: AKOREN (AKRN) station
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Figure 4.25. The radial and tangential RFs for AKRN station.
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Figure 4.26. Joint inversion of RFs and surface waves with two different initial models

beneath the AKRN station.



Table 4.8. Velocity structure beneath the AKRN station.

a) The average velocity results
using Model — 1.

b) The average velocity results

using Model — 2.

Thickness | Vp Vs p Thickness | Vp Vs p
Layers| (km) |(km/s)|(km/s)|(g/cm”3)| |Layers| (km) |(km/s)|(km/s)|(g/cm"3)
1 2,00 4,08 | 2,33 2,07 1 2,00 3,96 | 2,28 2,04
2 13,00 5,42 | 3,09 2,50 2 13,00 5,39 | 3,11 2,50
3 14,00 592 | 3,39 2,67 3 14,00 5,90 | 3,40 2,66
4 8,00 6,36 | 3,63 2,80 4 8,00 6,30 | 3,63 2,79
5 6,00 6,84 | 3,91 2,96 5 6,00 6,79 | 3,91 2,94
6 57,50 7,18 | 4,10 3,07 6 57,50 7,12 | 4,11 3,05

vp/vs

Figure 4.27. The H —k stacking result for AKRN station.
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AFYON (AFYN) stat

4.2.7. North — South profile
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Figure 4.28. The radial and tangential RFs for AFYN station.
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Figure 4.29. Joint inversion of RFs and surface waves with two different initial models

beneath the AFYN station.



Table 4.9. Velocity structure beneath the AFYN station.

a) The average velocity results
using Model — 1.

b) The average velocity results

using Model — 2.

Thickness | Vp Vs p Thickness | Vp Vs p
Layers| (km) |(km/s)|(km/s)|(g/cm”3)| |Layers| (km) |(km/s)|(km/s)|(g/cm"3)
1 2,00 3,21 | 1,83 1,80 1 2,00 3,15 | 1,82 1,78
2 13,00 563 | 3,21 2,57 2 13,00 5,60 | 3,23 2,56
3 14,00 5,90 | 3,37 2,66 3 14,00 5,86 | 3,38 2,64
4 8,00 6,58 | 3,76 2,88 4 8,00 6,52 | 3,76 2,86
5 6,00 7,08 | 4,05 3,04 5 6,00 7,04 | 4,06 3,02
6 57,50 6,95 | 3,97 3,00 6 57,50 6,90 | 3,98 2,98

vp/vs

80

|
100

Il FEEE RTR e N
0 10 20

time (s)

Figure 4.30. The H —k stacking result for AFYN station.

(V, =63Km/s h=36.2£0.5 V,/V, =1.77+0.02 corr = —87.9%)
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4.2.8. North — South profile: SUHUT (SHUT) station
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Figure 4.31. The radial and tangential RFs for SHUT station.
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beneath the SHUT station.



Table 4.10. Velocity structure beneath the SHUT station.

a) The average velocity results
using Model — 1.

b) The average velocity results
using Model — 2

Thickness | Vp Vs p Thickness | Vp Vs p
Layers| (km) |(km/s)|(km/s)|(g/cm”3)| |Layers| (km) |(km/s)|(km/s)|(g/cm"3)
1 2,00 3,49 | 1,99 1,89 1 2,00 3,45 | 1,99 1,87
2 13,00 549 | 3,14 2,53 2 13,00 5,46 | 3,15 2,52
3 14,00 586 | 3,35 2,64 3 14,00 5,81 | 3,35 2,63
4 8,00 6,52 | 3,73 2,86 4 8,00 6,46 | 3,73 2,84
5 6,00 6,96 | 3,98 3,00 5 6,00 6,89 | 3,97 2,98
6 57,50 7,04 | 4,02 3,02 6 57,50 6,98 | 4,03 3,00

vp/vs

60

80

Qg 10 20

time (s)
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o 10 20 Q 10 20

time (s)

Figure 4.33. The result of H — & stacking result for SHUT station.

(V, =63Km/s h=37.5£0.9 V, /V, =1.72+0.02 corr = —87.9%)
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4.2.9. North — South profile: HAYDARLI (HYDR) station
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Figure 4.34. The radial and tangential RFs for HYDR station.
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Figure 4.35. Joint inversion of RFs and surface waves with two different initial models

beneath the HYDR station.



Table 4.11. Velocity structure beneath the HYDR station.

a) The average velocity results

using Model — 1.

b) The average velocity results

using Model — 2.

Thickness | Vp Vs p Thickness | Vp Vs p
Layers| (km) |(km/s)|(km/s)|(g/cm”3)| |Layers| (km) |(km/s)|(km/s)|(g/cm"3)
1 2,00 4,12 | 2,35 2,09 1 2,00 4,06 | 2,33 2,07
2 13,00 5,65 | 3,23 2,58 2 13,00 5,61 | 3,24 2,57
3 14,00 5,96 | 3,40 2,68 3 14,00 593 | 3,42 2,67
4 8,00 6,13 | 3,50 2,73 4 8,00 6,09 | 3,51 2,72
5 6,00 6,62 | 3,79 2,89 5 6,00 6,55 | 3,77 2,86
6 57,50 7,08 | 4,04 3,04 6 57,50 7,04 | 4,06 3,02

vp/vs

30

34

36

depth (km)

38

40

Figure 4.36. The H — x stacking result for HYDR station.
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(V, =63Km/s h=36.0£3.1 V, /V, =1.83+£0.08 corr =-97.6%)
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4.2.10. North — South profile: ULUBORLU (ULUB) station
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Figure 4.37. The radial and tangential RFs for ULUB station.
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Figure 4.38. Joint inversion of RFs and surface waves with two different initial models

beneath the ULUB station.



Table 4.12. Velocity structure beneath the ULUB station.

a) The average velocity results

using Model — 1.

b) The average velocity results

using Model — 2.

Thickness | Vp Vs p Thickness | Vp Vs p
Layers| (km) |(km/s)|(km/s)|(g/cm”3)| |Layers| (km) |(km/s)|(km/s)|(g/cm"3)
1 2,00 4,11 | 2,35 2,09 1 2,00 4,14 | 2,38 2,09
2 13,00 5,32 | 3,04 2,47 2 13,00 5,29 | 3,05 2,46
3 14,00 586 | 3,35 2,64 3 14,00 5,84 | 3,37 2,64
4 8,00 6,49 | 3,71 2,85 4 8,00 6,42 | 3,70 2,83
5 6,00 6,97 | 3,99 3,00 5 6,00 6,96 | 4,01 3,00
6 57,50 7,17 | 4,09 3,06 6 57,50 7,12 | 4,10 3,05

vp/vs

Figure 4.39. The of H — x stacking result for ULUB station.

(Vo =63Km/s h=355+42 V,/V, =1.82+0.11 corr =-97.7%)
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ISPARTA (ISP) stat

4.2.11. North — South profile
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Figure 4.40. The radial and tangential RFs for ISP station.
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Figure 4.41. Joint inversion of RFs and surface waves with two different initial models

beneath the ISP station.



Table 4.13. Velocity structure beneath the ISP station.

a) The average velocity results

using Model — 1.

b) The average velocity results

using Model — 2.

Thickness | Vp Vs p Thickness | Vp Vs p
Layers| (km) |(km/s)|(km/s)|(g/cm”"3)| |Layers| (km) |(km/s)|(km/s)|(g/cm”"3)
1 2,00 4,05 | 2,31 2,07 1 2,00 4,03 | 2,32 2,06
2 13,00 5,40 | 3,08 2,50 2 13,00 5,36 | 3,09 2,49
3 14,00 583 | 3,33 2,64 3 14,00 5,79 | 3,34 2,62
4 8,00 6,44 | 3,68 2,83 4 8,00 6,39 | 3,69 2,82
5 6,00 7,00 | 4,00 3,01 5 6,00 6,95 | 4,01 3,00
6 57,50 7,14 | 4,07 3,05 6 57,50 7,09 | 4,09 3,04

vp/vs

time (s}

0 10 20

time (s)

Figure 4.42. The H — k stacking result for ISP station.

0 10 20

1 (5
time (s)

(Vo =63Km/s h=358+1.0 V,/V, =1.75+£0.05 corr =—92.3%)

72



73

4.2.12. North — South profile: KIZILKAYA (KZLK) station
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Figure 4.43. The radial and tangential RFs for KZLK station.
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Joint inversion of RFs and surface waves with two different initial models

beneath the KZLK station.



Table 4.14. Velocity structure beneath the KZLK station.

a) The average velocity results b) The average velocity results
using Model — 1. using Model — 2.
Thickness | Vp Vs p Thickness | Vp Vs p

Layers| (km) |(km/s)|(km/s)|(g/cm”"3)| |Layers| (km) |(km/s)|(km/s)|(g/cm”"3)

1 2,00 4,00 | 2,28 2,05 1 2,00 3,94 | 2,27 2,03

2 13,00 5,33 | 3,04 2,47 2 13,00 5,31 | 3,06 2,47

3 14,00 592 | 3,38 2,66 3 14,00 5,89 | 3,39 2,65

4 8,00 6,24 | 3,57 2,77 4 8,00 6,19 | 3,57 2,75

5 6,00 6,93 | 3,96 2,99 5 6,00 6,88 | 3,97 2,97

6 57,50 7,27 | 4,15 3,10 6 57,50 7,22 | 4,16 3,08
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Figure 4.45. The H — k stacking result for KZLK station.

(Vo =6.3Km/s h=39.2+1.1 V, /V, =1.75£0.05 corr =-85.9%)
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4.2.13. North — South profile: DOSEMEALTI (DSMA) station
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Figure 4.46. The radial and tangential RFs for DSMA station.
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Figure 4.47. Joint inversion of RFs and surface waves with two different initial models

beneath the DSMA station.



Table 4.15. Velocity structure beneath the DSMA station.

a) The average velocity results

using Model — 1.

b) The average velocity results
using Model — 2

Thickness | Vp Vs p Thickness | Vp Vs p
Layers| (km) |(km/s)|(km/s)|(g/cm”"3)| |Layers| (km) |(km/s)|(km/s)|(g/cm”"3)
1 2,00 3,40 | 1,94 1,86 1 2,00 3,41 | 1,96 1,86
2 13,00 5,37 | 3,07 2,49 2 13,00 5,37 | 3,10 2,49
3 14,00 599 | 3,42 2,69 3 14,00 5,99 | 3,45 2,69
4 8,00 6,20 | 3,55 2,76 4 8,00 6,16 | 3,55 2,74
5 6,00 6,41 | 3,67 2,82 5 6,00 6,35 | 3,66 2,80
6 57,50 7,36 | 4,20 3,13 6 57,50 7,31 | 4,22 3,11

vp/vs

45

depth (km}
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40

80

100

Cl ‘Iu 2"3

time |r‘3,
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Figure 4.48. The H — Kk stacking result for DSMA station.

(Vo =63Km/s h=47.0+6.0 V,/Vy =1.70+0.15 corr =-74.5%)
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4.2.14. North — South profile: ANTALYA (ANTB) station

| Ly}

T =
] ] L

] ] ] =]

g
£ £ £

| O

m
9 o &
3 i ]
5 5 )
g £ g

3
<3 <3 §
g g g
A A E

| O

o

| o

&

{ ]

—

L ©

=

- o

(=]

<+ o e
4y [enusbue | jo Jequinp

| o

=+
[ & ]

3 3 3 =]

.::" =+
2 2 E

)

m
3 5 |3
N i )
] 5
£ g g

: 8
2 | 8
5 &
E E E

L O

ol

-

o

[

-

o

-

]

(=]

=+ [=]

d4d [elpeY o J1equinN
Figure 4.49. The radial and tangential RFs for ANTB station.
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Figure 4.50. Joint inversion of RFs and surface waves with two different initial models

beneath the ANTB station.



Table 4.16. Velocity structure beneath the ANTB station.

a) The average velocity results

using Model — 1.

b) The average velocity results

using Model — 2.

Thickness| Vp Vs p Thickness| Vp Vs p
Layers| (km) |(km/s)|(km/s)|(g/em™3)| |Layers| (km) |(km/s)|(km/s)|(g/cm"3)
1 2,00 2,47 | 1,41 1,56 1 2,00 3,37 | 1,94 1,85
2 13,00 5,21 | 2,97 2,44 2 13,00 5,28 | 3,04 2,46
3 14,00 5,82 | 3,33 2,63 3 14,00 5,85 | 3,37 2,64
4 8,00 6,96 | 3,98 3,00 4 8,00 6,96 | 4,01 3,00
5 6,00 6,66 | 3,81 2,90 5 6,00 6,67 | 3,85 2,91
6 57,50 7,41 | 4,23 3,14 6 57,50 7,45 | 4,30 3,15

"‘ |
| r-—hl Fpps
-Hg‘:\flﬁ\- |I IV: \/ Fpss
VI Jeee”
w bt h
- W_.""uf\.;" \ ﬂv’"
I;“ Ppp:-'h
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Figure 4.51. The H —x stacking result for ANTB station.

(Vo =63Km/s h=443+52 V,/V, =1.93+0.09 corr =—86.4%)




82

4.3. The Results of Data Analysis

We applied the joint inversion technique and H-K stacking technique to fourteen
stations in the region. Basically we used two different initial model during the inversion.
The initial models consist of layer thickness ranging from 2 to 5 km down to 100.5 km.
The thinner layers were chosen for the upper crust and increased down to thicker layer at
the deepest parts of the model as the study of Gok et al., (2007). We used two different
references while creating the initial models as explained in section 4.1. H-K stacking

technique applied as a secondary method.

According to result of joint inversion, the shear velocities are slower depth to the 0 —
2 km beneath eastern stations (SUTC, HULU and AKRN) compared to western stations
(ACPY, SALD and CLTK) as shown in Table 4.17. Mid crustal velocities are compatible
with all stations in the east — west profile for both initial models. The upper mantle

velocities are very low on this profile.

Table 4.17. The average velocities in the east — west profile.

Model — 1 Model -2
Western Eastern Western Eastern
Stations Stations Stations Stations
Thickness| Vp | Vs | Vp | Vs Thickness| Vp vs | vp | Vs
Layers| (km) |(km's)|(km/s)|(km's)|(km's) Layers| (km) |(km's)| (km's) |(km/s)|(km/s}
2,00 | 4026 | 243 | 369 | 211 1 2,00 | 417 | 240 | 370 | 2,13

1300 | 5,33 | 3,04 | 532 | 3,04
14,00 | 5,88 | 3,36 | 598 | 341
8,00 6,39 | 3,65 | 6,31 | 3,61
6,00 6,82 | 3,90 | 6,80 | 3,89
57,50 7,19 | 410 | 7,22 | 4,12

13,00 5,30 3,06 | 5,32 | 3,07
14,00 5,86 3,38 | 3,94 [ 3,42
8,00 6,33 3,65 | 6,27 | 3,61
6,00 6,76 3,90 | 6,73 | 3,88
37,50 7,14 | 4,12 | 7,16 | 4,13

an |un | ds e | pa |
L=y T [ B (RS AT | OS]

The average velocities in the north — south profile indicate that the shear velocities
are slower in southern stations (CLTK, KZLK, DSMA and ANTB) with respect to
northern stations (AFYN, SHUT, HYDR, ULUB and ISP) for shallow depth range (0 — 2
km). The shear wave variation is very small for mid crustal dept range (2 — 37 km) as
shown in Table 4.18. However, there is a clear velocity decreasing dept range of 37 — 43
km from north to south. After 43 km, seismic velocities start to increase depth to 100.5 km

from north to south.
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Table 4.18. The average velocities in the north — south profile.

Model — 1 Model -2
Northern Southern Marthern Southern
Stations Stations Stations Stations

midoes Vp | Ve | V| T | G G| G
tayers] Gm) | Gas) |(m's) Gom's) Jams)l T 00 | 3,77 | 247 | 3,71 | 2.1
13,00 | 547 | 315 | 5,40 | 311
14,00 | 5,85 | 3,37 | 5,92 | 341
8,00 | 6,38 | 3,68 | 6,36 | 3,66
6,00 | 6,88 | 3,97 | 6,63 | 3,81
57,50 | 7,02 | 4,05 | 7,26 | 4,18

1 2,00 3,80 2,17 3,54 | 2,02
13,00 5,50 3,14 | 533 | 3,04
14,00 5,88 3,36 | 591 | 3,38
8,00 6,43 3,68 6,44 | 3,68
6,00 6,93 3,96 6,66 | 3,81
57,50 7,08 | 4,04 7,30 | 4,17

= N R P R ]
L=y L S R N

On the other hand, Moho depth was figured out by applying H-K stacking technique

as shown in Table 4.19.

Table 4.19. Shows the details that belogs to H-K stacking method.
W1, W2 and W3 are the coefficients of H-K stagking method.

Station |Initial Vp |H (depth) Correlation
name | (km/s) km Vp/Vs (%) W1 W2 W3 Number of RFs
ACPY 6.3 35.2 +/-3.5|1.70 +/-0.17 -97.7 0.7 0.1 0.1 21 a
SALD 6.3 40.7 +/-0.9|1.74 +/-0.02 -89.0 0.7 0.2 0.1 28 ;E
CLTK 6.3 40.7 +/-1.7|1.54 +/-0.10 -80.0 0.7 0.2 0.0 20 ;
SUTC 6.3 33.5 +/-2.7|1.66 +/-0.28 72.2 0.7 0.2 0.1 22 g
HULU 6.3 32.4+/-4.7|1.86 +/-0.13 -91.4 0.8 0.1 0.1 41 1%
AKRN 6.3 30.5 +/-0.4|1.94 +/-0.03 -92.0 0.7 0.2 0.0 96 5
AFYN 6.3 36.2 +/-0.5|1.77 +/-0.02 -87.9 0.7 0.2 0.0 25
SHUT 6.3 37.5+/-0.9|1.72 +/-0.02 -87.9 0.7 0.2 0.1 44 w
HYDR 6.3 36.0 +/-3.1|1.83 +/-0.08 -97.6 0.7 0.2 0.0 18 ;'é
ULUB 6.3 35.5 +/-4.2|1.82 +/-0.11 -97.7 0.7 0.2 0.1 17 %
ISP 6.3 35.8 +/-1.0|1.75 +/-0.05 -93.2 0.8 0.2 0.0 28 g
CLTK 6.3 40.7 +/-1.7|1.54 +/-0.10 -80.0 0.7 0.2 0.0 20 E
KZLK 6.3 39.2 +/-1.1|1.75 +/-0.05 -85.9 0.7 0.2 0.1 38 g
DSMA 6.3 47.0 +/-6.0|1.70 +/-0.15 -74.5 0.7 0.1 0.1 21 =
ANTB 6.3 44.3 +/-5.2|1.93 +/-0.09 -86.4 0.9 0.1 0.0 3
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Figure 4.52 shows the contour map using the result of H-K stacking method to
illustrate the variation of the Moho topography across the study area. The Moho depths
were fitted by adjustable tension continuous curvature surface gridding algorithm in GMT

package (Wessel and Smith, 1998).

— I —

1 1
25 30 35 40 45 50

Moho Depth (km)

Figure 4.52. Shows the depth map of Moho

Moho depth is thicker beneath western and southern stations with respect to eastern

and northern stations.
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5. DISCUSSION AND CONCLUSION

We have obtained the shear wave velocity model for the Isparta Angle down to about
100.5 km by joint inversion of stacked receiver functions and surface wave group
velocities as well as, Moho depth was calculated using the same receiver functions by
applying H-K stacking technique beneath each station on east — west and north — south

profiles.

We found that upper and mid crustal shear velocities are higher beneath ACPY,
SALD and CLTK stations in the west compared to SUTC, HULU and AKRN stations in
the east for two different initial models. The average shear velocities for both initial model
are close to each other which are between 3.17 — 3.33 km/s and 3.20 - 3.33 km/s for model
— 1 and model — 2, respectively. These upper and mid crustal velocities are relatively
slower than the other geophysical studies that were done by Karagianni et al., (2005) who
found 3.50 km/s and Erduran et al., (2007) who found 3.55 km/s shear wave velocity. On
the other hand, we have estimated very low seismic velocities upper mantle depths which
are varying 7.16 — 7.25 km/s P velocity for model — 1 and 7.12 — 7.18 km/s P velocity for
model — 2. Pn tomographic imaging study of Al-Lazki, (2004), also, indicates that Pn
velocities are slower than 7.8 km/s for the Isparta Angle. The very low Pn velocity could
be related to a very thin to absent mantle lid, where Pn propation is actually sampling

asthenospheric rather than lithospheric mantle (Al-Lazki, 2004).

We have observed that Moho depth is thicker beneath again ACPY, SALD and
CLTK stations with respect to SUTC, HULU and AKRN stations. The average Moho
depth is 38.8 km in the west whereas 32.1 km in the east. Moho depth variation may be
explained by the dip angle of subducting slab along the Cyprus arc is relatively lower than
the slab being subducted along the Hellenic arc (Kempler and Ben-Avram, 1987; Wortel
and Spakman, 1992) which may lead shallow Moho depth structure in the east conversely

the high dip angle of slab in the west may be the reason of thicker crust.

We have estimated the upper crustal and mid crustal velocities for two initial models

along north — south profiles which indicated there is no clear shear velocity change
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between stations. The average shear velocity is varying 3.10 — 3.29 km/s and 3.14 — 3.30
km/s for model -1 and model — 2, respectively. The difference was observed for upper
mantle velocities which increase from north to south. The upper mantle P velocity beneath
AFYN station, the northern most station, is 6.95 km/s for model — 1 and 6.90 km/s for
model — 2, it is increases to 7.12 — 7.16 km/s until CLTK station. After this station, the
upper mantle P velocities for southern stations are relatively higher than northern stations
which are 7.22 — 7.27 km/s for KZLK, 7.31 — 7.36 km/s for DSMA and lastly 7.41 — 7.45
km/s for ANTB station. The upper mantle P velocities are very slower as in the east — west
profile except southern increasing. The reason of these low P velocities could be related to
the presence of partial melt which lowers normal lithospheric mantle velocities by at least
5-6 percent (Sato et al., 1989). In addition to this, Horasan et al., (2002) support this idea
that Pn velocity variation is interpreted as due to the thinning of the lithosphere toward the
active Aegean arc in the south, where a volatile fluxed, partially melted upper-mantle zone
exist just above the northward dipping subduction slab. Also, regional wave propagation
study of Gok, (2000) imply that throughout central Anatolia, Lg is partially attenuated
indicating the presence of either strong scattering or crustal incrisic attenuation, in south
western Turkey, Lg is weak or blocked along the Taurus mountains. These studies support

the very low seismic velocities in the region.

There is small Moho depth variation beneath northern stations (AFYN, SHUT,
HYDR, ULUB and ISP) which is between 35.5 — 37.5 km. The other receiver function
studies using ISP station show similar Moho depth which Kalyoncuoglu et al., (2003)
found 31 km, Yelkenci, (2006) calculated 39.1 km, Horasan et al., (2002) estimated 33 km
average crustal thickness for Aegean region. The southern stations (CLTK, KZLK, DSMA
and ANTB) have thicker Moho depth according to northern stations which is 40.7 km for
CLTK, 39.2 km KZLK, 47.0 km DSMA and lastly 44.3 km ANTB station. Moho depth is
getting thicker from north to south.

In conclusion, mid crustal velocities is in agreement with other geophysical studies
however upper mantle velocities are found very low with respect to studies that were done
in the same region. Moho depth is varying from west to east and north to south. The
difference of this study from the other ones is that this is the first study to examine

extraordinary settings of Isparta Angle using fourteen broad-band sensors compared to
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studies that were done in the same region. The results reflect the unusual properties of
Isparta Angle. The result of the other studies obtained by one station or limited number of
station in the region for now on. In addition to this, regional studies were done for western
Turkey but not specifically Isparta Angle. This is obviously separate this study from the

others.

Although we figure out the crustal velocities and crustal thickness in the region, this
study can be extended with including the other stations in the region. By applying
earthquake location studies, local and regional tomography, wave propagation studies and
S-receiver function, we will have a clear picture of subducting slab geometry, idea of slab-
tearing, location of slab-tearing and source of low upper mantle seismic velocities in the

region.



APPENDIX A: LIST OF EVENTS USED IN THE ANALYSIS

nli\g];l;r Event name Latitute | Longitute I?g;lt ;l MengnLt;lde
1 2006216074547.7| 52.120 | 171.040 | 10 5.5
2 2006218142619.3 | 37.370 | 74.730 11 5.6
3 2006223205414.4| 2.400 | 96.350 22 6.2
4 2006224183917.2| 28.790 | 130.020 | 22 5.6
5 2006226001309.3| 19.020 | -64.640 | 21 5.5
6 2006227122617.4| 51.090 | 179.260 | 19 5.7
7 2006228183859.3|-28.820| 61.740 7 59
8 2006229111135.5] 55.620 | 161.690 | 55 6.1
9 2006229152035.0| 46.540 | 141910 | 14 6.0
10 2006232030102.4| 49.820 | 156.410 | 26 6.0
11 2006233222049.5| 33.630 | 135.820 | 411 5.5
12 2006236215036.7| 51.150 | 157.520 | 43 6.5
13 2006238234039.5| 51.330 | -179.570 | 35 5.8
14 2006238234618.5| 51.380 | -179.540 | 35 5.7
15 2006239171117.5] 24.950 | 122.940 | 146 5.5
16 2006242161339.7|-17.650 | 65.940 10 5.7
17 2006243225825.8| 28.800 | 130.030 | 33 5.6
18 2006244102517.1| 53.260 | 159.700 | 51 5.7
19 2006244120422.2| 53.970 | -166.390 | 75 5.9
20 2006249050028.0 | 61.630 | 168.640 7 5.5
21 2006254181222.3| 35.470 | 78.220 14 5.5
22 2006255155630.8| 8.280 | 126.490 | 36 5.5
23 2006259022250.6 | 41.360 | 135.700 | 367 59
24 2006259061746.9| 5.120 | 94.780 49 5.6
25 2006260073011.1|-17.690 | 41.830 10 5.5
26 2006261034556.9| 51.600 | -173.960 | 18 5.8
27 2006262135856.9| -9.900 | 107.350 | 12 59
28 2006264185450.0| -9.050 | 110.360 | 25 6.0
29 2006267225621.1|-17.740| 41.810 6 5.7
30 2006271013648.3 | 46.460 | 153.360 | 11 59
31 2006272130826.2| 10.880 | -61.760 | 53 6.1
32 2006272182305.9| 10.810 | -61.760 | 52 5.5
33 2006273124722.9| 7.280 | -34.660 | 10 5.6
34 2006273175023.0| 46.350 | 153.170 | 11 6.6
35 2006273175616.1| 46.190 | 153.170 | 10 6.0
36 2006273183338.0| 46.330 | 153.260 | 10 5.5
37 2006274090602.3 | 46.470 | 153.240 | 19 6.5
38 2006282100147.4| 20.650 | 120.020 | 14 6.3
39 2006282110828.1| 20.710 | 119.980 | 10 59
40 2006282181933.7|-51.030 | 29.020 10 5.7
41 2006283002358.0| 37.200 | 142.660 9 6.0
42 2006284064353.8] 20.710 | 120.080 | 10 5.7
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43 2006285053035.4| 4.940 | 95.010 30 5.5
44 2006285144629.9 | 24.150 | 122.630 | 35 5.7
45 2006286134739.2 | 46.240 | 153.280 4 5.9
46 2006293143100.2 | 13.430 | 121.470 | 22 5.8
47 2006293172703.2| 13.490 | 121.530 | 25 5.8
48 2006293220927.3| 13.420 | 121.550 | 10 5.6
49 2006294182321.0| 13.370 | 121.380 | 18 5.9
50 2006296211720.0| 29.350 | 140.270 | 11 6.4
51 2006302083144.6| 29.370 | 140.200 | 10 5.6
52 2006312145652.2| 47.170 | 153.960 | 10 5.6
53 2006316212742.4 | 48.280 | 154.250 | 36 6.1
54 2006319111413.6| 46.590 | 153.270 | 10 8.3
55 2006319112306.9 | 46.300 | 154.610 | 10 5.6
56 2006319112429.9| 46.270 | 154.520 | 10 5.6
57 2006319112457.5|47.770 | 153.180 | 10 5.5
58 2006319001125.1 | 47.520 | 152.650 | 10 6.0
59 2006319112838.5| 46.090 | 154.100 | 10 6.0
60 2006319112922.8 | 46.370 | 154.480 | 10 6.2
61 2006319113323.8 | 46.860 | 153.730 | 10 5.5
62 2006319113458.1] 46.650 | 155.300 | 10 6.4
63 2006319114055.0 | 46.480 | 154.730 | 10 6.7
64 2006319114804.2 | 44.100 | 154.700 | 10 5.5
65 2006319121605.5| 47.110 | 154.420 | 10 5.7
66 2006319121644.1| 46.190 | 154.670 | 10 5.9
67 2006319122615.8| 47.420 | 153.860 | 10 5.7
68 2006319122821.3| 47.060 | 155.530 | 10 5.5
69 2006319192526.0| 47.010 | 154.980 | 10 6.0
70 2006319192806.4 | 47.080 | 155.170 | 10 5.5
71 2006319211708.2| 46.870 | 155.000 | 10 5.5
72 2006319212221.5| 47.280 | 154.150 | 12 6.0
73 2006319212522.5| 47.140 | 153.510 | 10 5.7
74 2006319213124.3| 47.380 | 154.160 | 13 5.5
75 2006319213509.6 | 47.670 | 154.550 | 10 5.6
76 2006319214008.5 | 46.720 | 153.300 | 10 5.5
77 2006320062020.8 | 46.360 | 154.470 9 6.0
78 2006321063349.4 | 47.020 | 155.530 | 10 5.6
79 2006321180312.3 | 28.590 | 129.900 | 22 6.2
80 2006322135521.2| 4.750 | 94.780 32 5.9
81 2006322135753.8| 4.740 | 94.770 29 5.9
82 2006323151652.2 | 46.900 | 154.890 | 10 5.6
83 2006326111509.6 | 44.150 | 146.780 | 79 5.6
84 2006327200446.6 | 47.540 | 154.200 | 10 5.7
85 2006328153410.2| 46.760 | 153.770 | 11 5.7
86 2006329121022.0| 53.590 | -163.750 | 13 5.5
87 2006332080151.8| 46.690 | 155.530 | 10 5.6
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88 2006333153844.5| 53.740 | -35.440 10 5.6
89 2006335035821.6| 3.390 | 99.080 | 204 6.3
90 2006337081951.3 | -0.540 | -19.740 10 5.6
91 2006341191021.8 | 46.150 | 154.390 | 16 6.4
92 2006343092446.8 | 5.080 | 94.750 30 5.5
93 2006343144854.2 | 47.440 | 147.050 | 396 5.8
94 2006344152809.3 | 29.760 | 130.520 | 35 5.7
95 2006349165902.4 | 46.410 | 153.040 | 10 5.7
96 2006349170109.6 | 46.390 | 153.060 | 10 5.5
97 2006351211021.9| 4.820 | 95.020 36 5.8
98 2006351213917.5| 0.630 | 99.860 30 5.8
99 2006354235555.9| 13.270 | 125.810 | 24 5.6
100 2006356195044.6 | 10.650 | 92.360 24 6.2
101 2006357225940.5| -6.780 | 105.640 | 30 5.5
102 2006359200100.5 | 42.160 | 76.160 11 5.8
103 2006360122621.1| 21.800 | 120.550 | 10 7.3
104 2006360123413.8| 21.970 | 120.490 | 10 7.1
105 2006360124021.7 | 21.640 | 120.850 | 10 5.5
106 2006360151945.2 | 48.320 | 154.840 | 10 6.0
107 2006360154144.8 | 22.070 | 120.410 | 22 5.5
108 2006361023036.5| 22.000 | 120.480 | 10 5.6
109 2006364083049.8 | 13.310 | 51.370 15 6.6
110 2007005165222.4| 55.760 | -156.060 | 18 5.8
111 2007008124840.5| 8.080 | 92.440 11 6.2
112 2007008172149.9| 39.800 | 70.310 16 6.1
113 2007009154933.5| 59.420 | -137.120 | 10 5.8
114 2007011203447.3| 43.470 | 147.080 | 10 5.5
115 2007013042321.2| 46.240 | 154.520 | 10 8.2
116 2007013043707.7| 46.330 | 155.170 | 10 5.5
117 2007013091831.7 | 45.570 | 153.760 | 10 5.8
118 2007013173706.3 | 46.910 | 156.280 | 10 6.0
119 2007013193732.7| 47.050 | 155.530 | 10 5.6
120 2007015181759.2 | 34.890 | 138.640 | 170 5.9
121 2007017231849.8 | 10.120 | 58.710 8 6.2
122 2007018152718.3| -5.490 | 101.450 | 17 5.9
123 2007019024423.4| -9.990 | 109.670 | 25 5.9
124 2007023041607.4 | -43.140| 41.650 10 5.5
125 2007025105917.6 | 22.560 | 121.930 | 36 6.0
126 2007031203134.8 | -7.820 | 107.190 | 51 5.6
127 2007032001426.1 |-37.650| 78.070 10 5.5
128 2007035033319.4| 35.340 | -35.940 10 5.6
129 2007039071504.7 | 46.480 | 153.240 | 10 5.5
130 2007042104735.0| 6.180 | 94.400 67 5.6
131 2007043103522.8| 35.800 | -10.310 | 20 6.2
132 2007045194958.7| 0.430 | 97.310 16 5.7
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133 2007045204631.9| 0.640 | 97.230 4 5.6
134 2007048000256.8 | 41.790 | 143.550 | 31 6.0
135 2007050023343.0| 1.750 | 30.760 19 5.6
136 2007057234953.7 | -44.770 | 35.490 10 5.7
137 2007060000201.1| 3.780 | 96.340 74 5.6
138 2007060231152.1| 26.580 | -44.590 10 6.0
139 2007063112612.0 | 33.790 | -38.470 10 5.6
140 2007065034938.9| -0.490 | 100.500 | 19 6.4
141 2007065054925.4| -0.490 | 100.530 | 11 6.3
142 2007066105337.6| 1.960 | 97.910 35 5.9
143 2007066230124.5| 3.020 | -31.820 10 5.5
144 2007067050332.3 | 29.910 | 140.200 | 139 6.1
145 2007068032242.8 | 43.220 | 133.530 | 441 6.1
146 2007068072731.2-11.430| 66.250 10 5.8
147 2007069170337.9| 74.260 | 8.710 10 5.7
148 2007069211257.5| 55.210 | 161.860 | 31 5.9
149 2007070070926.7 | 43.990 | 147.890 | 52 6.0
150 2007071185925.2| 46.900 | 151.770 | 144 5.6
151 2007077012524.1 | 42.160 | 144.000 | 35 5.6
152 2007079031030.5| 9.190 | 126.120 | 35 5.5
153 2007081061043.1| -3.390 | 86.780 21 5.9
154 2007084004157.8 | 37.340 | 136.590 8 6.8
155 2007086121359.5| 48.250 | 154.200 | 30 5.5
156 2007087211710.7| -6.270 | 29.670 8 5.8
157 2007089090505.7 | 44.140 | 146.010 | 100 5.5
158 2007091025105.3 | 32.350 | 137.610 | 378 5.7
159 2007093033507.3 | 36.450 | 70.690 | 222 6.2
160 2007094195803.8 | -17.230| 66.790 10 59
161 2007094214018.8 | 30.930 | 141.670 9 5.7
162 2007095035650.5 | 37.310 | -24.620 14 6.3
163 2007097052049.6 | -39.790 | 46.180 10 5.9
164 2007097070925.4 | 37.310 | -24.490 8 6.1
165 2007097095151.6| 2.920 | 95.700 30 6.1
166 2007099101804.6 | 48.300 | 154.700 | 36 5.8
167 2007100135653.9| 12.990 | 92.530 30 5.5
168 2007105041230.2 | 47.000 | 153.430 | 34 5.6
169 2007108150731.6 | 42.660 | 141.860 | 119 5.5
170 2007110002640.6 | 25.720 | 125.090 | 10 6.1
171 2007110003060.0 | 25.730 | 125.150 | 10 5.7
172 2007110014556.1 | 25.710 | 125.110 9 6.3
173 2007110022334.0| 25.620 | 125.040 | 11 5.9
174 2007110052311.3 | 25.680 | 125.240 | 10 5.5
175 2007110193758.2| 27.470 | 128.380 | 42 5.9
176 2007111003224.9| 21.140 | 122.130 | 10 5.5
177 2007117080249.6| 5.360 | 94.640 38 6.3
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178 2007119124157.4| 52.010 | -179.970 | 117 6.2
179 2007124120652.2| -1.410 | -14.910 10 6.2
180 2007125085139.1| 34.250 | 81.970 9 6.0
181 2007127115947.6 | 31.350 | 97.790 12 5.6
182 2007134093143.1| 1.250 | 97.250 30 5.5
183 2007136085616.5| 20.500 | 100.750 | 23 6.4
184 2007136101745.1 | 48.860 | 154.770 | 10 5.5
185 2007138155958.5| 41.600 | 141.990 | 58 5.5
186 2007143044146.5| 52.350 | -31.810 10 5.7
187 2007150202212.7| 52.140 | 157.290 | 116 6.4
188 2007153213457.8 | 23.030 | 101.050 5 6.3
189 2007165144954.1| 10.380 | 125.310 | 10 5.5
190 2007166184953.4| 1.720 | 30.830 24 5.9
191 2007174081719.9| 21.470 | 99.780 22 5.6
192 2007177222303.0|-10.490| 108.150 | 10 6.0
193 2007182041207.8 | 43.660 | 144.730 | 130 5.8
194 2007184082600.8| 0.710 | -30.270 10 6.3
195 2007189185400.2 | 46.840 | 155.480 | 10 5.5
196 2007194215443.1| 51.840 | -176.280 | 35 6.0
197 2007196130800.8 | 52.480 | -168.050 | 10 6.1
198 2007196132615.2 | 52.360 | -168.010 | 10 5.8
199 2007197011322.4| 37.530 | 138.450 | 12 6.6
200 2007197063740.4 | 37.500 | 138.470 | 15 5.7
201 2007197141737.3| 36.810 | 134.850 | 350 6.8
202 2007198141042.5| -2.730 | 36.360 8 5.9
203 2007201100652.0 | 42.910 | 82.380 10 5.6
204 2007202224413.6| 38.940 | 70.490 10 5.6
205 2007204134002.2 | 23.670 | 121.630 | 40 5.6
206 2007206233731.5| 7.160 | 92.520 15 6.1
207 2007210045436.7 | 53.640 | 169.700 | 25 6.0
208 2007211224205.6 | 19.310 | 95.610 14 6.0
209 2007212150735.3] 27.340 | 126.900 | 10 5.9
210 2007212225531.1| -0.160 | -17.800 11 6.2
211 2007213081600.2 | 33.900 | 136.610 | 370 5.5
212 2007214023742.4| 47.120 | 141.800 5 6.2
213 2007214032142.8 | 51.310 | -179.970 | 21 6.7
214 2007214052217.7| 46.710 | 141.720 | 10 5.8
215 2007214103731.6 | 46.630 | 141.770 | 10 5.5
216 2007214133729.2 | 12.510 | 47.460 10 5.7
217 2007219000224.2 | 27.290 | 126.840 | 18 5.9
218 2007220170457.8 | -5.930 | 107.680 | 291 6.1
219 2007220170504.9 | -5.860 | 107.420 | 280 7.5
220 2007221005552.3| 22.580 | 121.100 | 21 5.7
221 2007221172505.2 | 25.920 | -45.000 10 5.6
222 2007225222304.5[-30.990| -13.410 10 5.5
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223 2007226041334.4| 46.880 | 141.750 | 10 5.5
224 2007227202211.1] 50.320 | -177.550 | 9 6.4
225 2007228040303.5| 50.240 | -177.570 | 14 5.8
226 2007228141824.6 | -3.520 | -12.150 10 5.5
227 2007232123706.7| -0.260 | -18.170 10 5.7
228 2007232224229.2| 8.040 | -39.250 10 6.5
229 2007240011604.6 | 49.690 | 154.290 | 115 5.6
230 2007241030018.0| 21.780 | 121.430 | 24 5.7
231 2007246161453.6| 45.840 | 150.060 | 94 6.3
232 2007249175126.2 | 24.340 | 122.220 | 53 6.2
233 2007255111026.8 | -4.440 | 101.370 | 34 8.5
234 2007255114001.8 | -2.840 | 100.220 | 35 5.5
235 2007255130207.4| -2.930 | 101.380 | 35 5.6
236 2007255144005.7 | -3.160 | 101.460 | 35 5.9
237 2007255163703.9| -3.140 | 101.400 | 35 5.8
238 2007255234903.7 | -2.620 | 100.840 | 35 8.1
239 2007256012634.4| -1.900 | 99.820 16 5.7
240 2007256023003.3 | -1.690 | 99.670 28 5.9
241 2007256033528.7 | -2.130 | 99.630 22 7.2
242 2007256052323.2 | -1.720 | 99.640 32 5.5
243 2007256131014.4| -2.750 | 100.970 | 17 5.5
244 2007256150854.7 | -4.300 | 101.270 | 24 5.5
245 2007256160916.4 | -3.160 | 101.530 | 48 6.1
246 2007256165924.9 | -2.230 | 99.950 30 5.5
247 2007257010205.3| -3.780 | 101.830 | 26 5.7
248 2007257060132.3| -4.070 | 101.170 | 23 6.3
249 2007257060316.5 | -4.420 | 100.950 | 25 5.8
250 2007258144529.2| -2.790 | 101.190 | 35 5.6
251 2007259113744.0| -2.830 | 101.200 | 35 5.5
252 2007261084132.8 | -3.260 | 101.350 | 35 5.6
253 2007262072750.7 | -2.750 | 100.890 | 35 6.0
254 2007263083114.5| -2.000 | 100.140 | 30 6.8
255 2007266141343.9| -2.130 | 99.930 28 5.5
256 2007267081527.7| -3.160 | 100.380 | 35 5.6
257 2007267122631.0| -4.390 | 101.460 | 35 5.5
258 2007268082704.5| -1.770 | 100.460 | 35 5.5
259 2007269154301.4| -1.790 | 99.490 26 6.1
260 2007269183934.8 | -7.070 | -11.710 10 5.6
261 2007272053244.2| 2.920 | 95.540 35 5.7
262 2007272053707.3] 2.900 | 95.520 35 5.8
263 2007275034340.3 | -4.240 | 101.220 | 31 5.9
264 2007275180006.9 | 54.510 | -161.710 | 32 6.3
265 2007275180355.0| 54.420 | -161.700 | 47 5.6
266 2007277124031.1| 2.540 | 92.900 35 6.2
267 2007281171037.9| 43.540 | 146.740 | 63 5.8
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268 2007283001916.8 | -1.740 | 99.480 27 6.0
269 2007285003132.2| -3.250 | 100.530 | 35 5.6
270 2007291161314.1| 30.130 | -42.590 10 5.7
271 2007292071954.8 | 28.650 | 66.290 35 5.5
272 2007294142420.1| -3.590 | 100.800 | 35 5.5
273 2007294162535.0| -3.590 | 100.860 | 27 5.6
274 2007296195647.4 | -2.000 | 99.900 30 5.8
275 2007297210250.5| -3.900 | 101.020 | 20 6.9
276 2007298052533.6| -3.540 | 100.790 | 29 5.5
277 2007298135002.6 | 46.010 | 154.230 | 10 6.1
278 2007299152330.0 | 54.520 | -161.710 | 43 5.5
279 2007304134419.8 | 51.420 | -178.380 | 28 6.0
280 2007326103856.6| 51.170 | -179.790 | 46 5.6
281 2007326230213.0| 4.740 | 95.060 49 5.9
282 2007329025157.2| -2.810 | 101.160 | 55 6.0
283 2007329135347.9] 29.670 | 69.540 39 5.8
284 2007329174137.9| -2.230 | 100.380 | 30 6.0
285 2007330135139.5| 37.380 | 141.590 | 39 5.9
286 2007331042700.6 | 16.090 | 119.850 | 52 5.9
287 2007331101349.7| -1.350 | -13.270 10 5.7
288 2007333190019.4| 14.970 | -61.240 | 146 7.4
289 2007335014431.9] 1.990 | 97.900 44 5.9
290 2007340171203.2 | 22.690 | -45.100 10 5.8
291 2007340214347.3| 12.280 | 125.430 | 38 5.9
292 2007341004736.6| 29.920 | 141.040 | 74 59
293 2007342195520.2 | -7.520 | 37.550 10 5.6
294 2007346234000.3 | 52.190 | -131.410 | 10 5.7
295 2007353093030.8 | 51.460 | -179.470 | 56 7.1
296 2007353102435.3| 51.500 | -179.490 | 39 5.5
297 2007355072337.1| 51.290 | -178.950 | 41 5.9
298 2007355072435.6| 51.350 | -178.980 | 35 6.1
299 2007356122618.8| 2.100 | 96.840 32 5.8
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