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Abstract

Özet

We exploited S-wave spectral amplitudes of 336
accelerograms obtained from 26 local events recorded by
16 stations to estimate the source, path and the site effects
at the recording sites for the residential area of Izmir,
western Turkey. The linear spectral inversion method was
applied to extract the source, path and site effects. The
site effect obtained from linear spectral inversion was
compared with those from standard spectral ratio method.

Çalışmada, İzmir yerleşim bölgesi için kayıt yerindeki
kaynak, yol ve saha etkilerini tahmin etmek için 26 yerel
olaydan elde edilen ve 16 istasyon tarafından kaydedilen,
336 ivme ölçer kaydı S-dalga spektral genlikleri
kullanılmıştır. Kaynak, yol ve saha etkilerini çıkarmak
için Doğrusal spektral ters çözüm yöntemi uygulanmıştır.
Doğrusal spektral ters çözümden elde edilen saha etkisi,
standart spektral oran metodundan elde edilen saha
etkileri ile karşılaştırılmıştır.

Seismic amplification factors in the study area vary from
1.6 to 7.3. Relatively higher amplification factors were
observed in the central part of the study area, which is
characterized by alluvial deposits. The predominant
frequencies in that part vary from 0.8 to 2 Hz while at the
remaining sites vary from 20 to 35 Hz. Vulnerability
indexes for the recording sites were computed to estimate
average shear strain for a specific earthquake magnitude
of 3.2. From the linear spectral inversion, we found that
the frequency dependent S-wave quality factor Qs,
satisfies the relation Qs=59.4f0.92 in the frequency range
from 0.1 to 40 Hz. The source spectrums of 26 events
recorded by the reference site were satisfactorily modeled
using the omega-square source model. Three parameters;
seismic moment, corner frequency and its power
coefficient in the source model were estimated by
comparing observed spectrum with theoretical spectrum.
Statistical relationships between some physical quantities
such as seismic moment with stress drop, and
vulnerability index with shear wave velocity, were
investigated and the results obtained from the study were
discussed in terms of the seismicity of the region.

Anahtar Kelimeler:
Lineer spektral ters-çözüm, Standart spectral oran,
Kaynak paramereleri, Yer etkisi, Hasar görebilirlik
indeksi, Kalite faktörü
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Çalışma alanındaki sismik büyütme faktörleri 1,6 ila 7,3
arasında değişmektedir. Alüvyon çökeltileri ile temsil
edilen çalışma alanının orta kesiminde göreceli olarak
daha yüksek büyütme faktörleri gözlenmiştir. Çalışma
sahasının bu bölümünde hakim frekanslar 0.8 ila 2 Hz
arasında değişirken, diğer tüm bölgelerde 20 ila 35 Hz
arasında değiştiği görülmektedir. Kayıt yerleri için hasar
görebilirlik endeksleri, 3.2'lik bir deprem büyüklüğü için
ortalama kesme gerilimini tahmin etmek için hesaplandı.
Doğrusal spektral ters çözüm sonucunda, frekans bağımlı
S-dalga kalite faktörü Qs'in, 0.1 ila 40 Hz frekans
aralığında Qs = 59.4f0.92 ilişkisini sağladığını bulduk.
Referans istasyon tarafından kaydedilen 26 olayın kaynak
spektrumu, Omega-kare kaynak modeli kullanılarak
tatmin edici bir şekilde modellendi. Kaynak modelindeki
üç parametre; sismik moment, köşe frekansı ve güç
katsayısı, ölçülen spektrum ile hesaplanan spektrumun
karşılaştırılmasıyla tahmin edilmiştir. Gerilme düşüşü ile
sismik moment ve kesme dalgası hızı ile hasar
görebilirlik indeksi gibi bazı fiziksel nicelikler arasındaki
istatistiki ilişkiler araştırılmış ve çalışmadan elde edilen
sonuçlar bölgenin depremselliği açısından tartışılmıştır.

Keywords:
Linear spectral inversion, Standard spectral ratio,
Source parameters, Site effect, Vulnerability index,
Quality factor
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1 INTRODUCTION
Strong ground motion and its associated
damage to structures can be strongly influenced by
surface and subsurface geological conditions, well
known as ‘local site effect.’ Experimental and
theoretical survey methods have been developed to
assess local soil effects and its influence on
structural damages caused by earthquakes. To
quantify site response, Borcherdt (1970) introduced
the spectral ratio method, called the Standard
Spectral Ratio (SSR), by taking the ratios of the
Fourier amplitude spectrum of soil site to a rock
site. This method and many variations of this are
reference site dependent, have been widely used to
quantitatively examine site effects. Such a suitable
reference site may not always available. In this case,
alternative methods referred to as non-reference site
methods have been applied to site response studies.
One of these methods for estimating the site
response uses Horizontal to Vertical Spectral Ratio
(HVSR) of S-wave for a recording site. This
approach has been extensively used for
quantitatively examining site effect after first
proposed by Nakamura (1989). However, studies
revealed that the reference site and non-reference
site response estimation techniques generally
indicate that the HVSR and SSR methods are
capable of consistent estimation of a site’s
fundamental resonance frequency, but the HVSR
generally estimates different levels of seismic
amplification (Field and Jacob, 1995; Bonilla et al.,
1997; Parolai et al., 2004; Ameri et al., 2011). In
addition, if both the horizontal and vertical
components are amplified at the same resonance
frequencies, the HVSR approach fails. The
aforementioned methods can be used with both
earthquake and ambient noise measurement data. On
the other hand, it has gradually become common
practice to use large seismic wave recordings to
extract source, path and site effects and to estimate
source parameters (e.g. seismic moment, source
radius, stress drop and moment magnitude)
especially in seismically high regions throughout the
world.
Izmir is one of Turkey’s historical and
touristic metropolitan cities. It is densely populated
with a tendency toward high-rise buildings.
Annually, Izmir attracts more than 10 million
tourists. The city has been built upon thick alluvialfluvial deposits especially in the central part and it is
surrounded by active faults. Several earthquakes that
have caused slight and considerable damages have
affected the city. Izmir is prone to this kind of
natural disaster because the southerly and
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southwesterly sides of the Anatolian plate comprise
a convergent boundary with the African Plate,
manifesting in compressive features of the oceanic
crust beneath the Mediterranean as well as within
the continental crust of Anatolia itself, and also by
what are generally considered to be subduction
zones along the Hellenic and Cyprus arcs. In the last
100 years, according to the earthquake catalogue
compiled by KOERI, the city has been subjected to
earthquakes with the highest magnitude (ML) of 7.2
(Figure 1). In this regard, a temporary seismic
network, called IzmirNet and composed of 16
stations, were installed in the urban area of Izmir,
western Turkey to record local and regional
earthquakes within the framework of a national
project funded by the Scientific and Technological
Research Council of Turkey (TUBITAK) within the
period from 2008 to 2012. Some stations were
moved after a certain time in order to increase the
number of measurement points and all seismic
stations were turned into permanent stations at the
end of the project.
In this study, seismic wave data composed
of 336 digital accelerograms obtained from 26 slight
to moderate local earthquakes during 2010 to 2013
were used to estimate the source, path and the site
effect at the recording sites (Figure 2). The linear
spectral inversion (LSI) method proposed by Moya
and Irikura (2003) was used for separating the
source, path and site effects simultaneously from
strong ground motion records. After brief
information on geologic and main tectonic
characteristics of the area and vicinity, we present
the dataset and discuss the processing of the records,
and then we discuss the inversion results in terms of
attenuation functions, source spectra and site
responses. We derived site response functions from
LSI and compared them with SSR. In comparison of
the response spectra for each site, HVSR approach
(not presented here) failed due to remarkable
amplification in vertical components of virtually all
records. Vulnerability indexes for the recording sites
were computed to estimate average shear strain for a
specific earthquake magnitude of 3.2. The S-wave
total attenuation of ground motion as a function of
frequency is parameterized in terms of quality factor
Qs. The derived source displacement spectra of 26
local events recorded by selected reference station
were interpreted using the omega-square model
(Brune, 1970). Three parameters; seismic moments
(constant spectral displacement level, Ω0), cut-off
frequency (fc) and its power coefficient (n) were
estimated. Statistical correlations between some
physical quantities (e.g. seismic moment with stress
drop, vulnerability index with shear wave velocity)
were investigated. Finally, the results obtained from
15
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Figure 1 Main tectonic features and seismic activity with magnitude greater than 5 in western Turkey within the
period from 1904 to 2013 (KOERI).

Figure 2 Distribution of a) earthquake epicentres used in the study, and b) seismic stations
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the study was discussed in terms of seismicity of the
region.

2 GEOLOGICAL AND TECTONIC
FRAMEWORKS

grey-to-yellowish brown unconsolidated debris flow
sediments, which are commonly poorly shorted. The
alluvial plain deposits are difficult to recognize
because of the scarcity of adequate exposures and
abundant settlements in the area. The fluvial
deposits are coarse-to-fine grained axial river
deposits (Uzel et al., 2012).

Geological conditions
Tectonic surroundings
The simplified geological map of the study
area and vicinity is shown in Figure 3. The Bornova
Flysch Zone forms the basement of the Miocene to
Quaternary units. It’s composed of various-sized
blocks of Mesozoic limestone, cherts, submarine
volcanics and serpentines embedded in a flysch-type
sedimentary matrix (Okay et al., 1996; Uzel et al.,
2012). Neocene sediments are composed of
laminated siltstones, sandstones and shale
alternations including lignite lenses and thin-bedded
conglomerate horizons (Uzel et al., 2012). Neocene
volcanic is made up of the calc-alkaline, which
conformably rests on the sedimentary rocks (Kaya,
1979; 1981; Uzel et al., 2012).

Figure 3 Simplified geological map of study area
modified from Kaya (1981), Bozkurt (2001), Emre et al.
(2005), Uzel and Sözbilir (2008) and Uzet et al. (2012).

Neocene volcanic is composed of several
lavas, pyroclastic rocks, dykes and domes of dasitic,
andesitic, rhyolitic and basaltic compositions (Uzel
et al., 2012). The Holocene alluvial deposits
confined between normal faults to the south and
north of the Inner Bay of Izmir. This unit is made up
of course grained alluvial-fan deposits, coarse-tofine grained fluvial deposits and fine-grained fandelta and shallow marine sediments (Uzel et al.,
2012). The alluvial fan deposits are characterized by
© TMMOB Jeofizik Mühendisleri Odası, 2016

Izmir Bay, one of the most distinctive bays
on the Aegean western coast of Anatolia, is a lazy
L-shaped basin controlled by NE, NW and E-W
trending active faults. The Bornova flysch zones
sedimentary sequence was strongly folded and
dynamically metamorphosed during the early
Tertiary Alphine orogenic event (Erdoğan, 1990;
Okay and Siyako, 1993; Okay et al., 1996; Okay
and Altıner, 2007). West of Bornova flysch zone is
a well-defined metamorphic core complex,
Menderes Massif, while to the east are platform
carbonates of Paleozoic-Mesozoic age (Uzel et al.,
2012). These basement rocks are unconformably
overlain by Miocene volcano sedimentary basins
oriented E-W and NE-SW (Figure 4).

Figure 4 Neogene-Quaternary basins in western
Anatolia with main tectonic lines and distribution of the
Neogene-Quaternary deposits (Bozkurt, 2000, 2001;
Uzel et al., 2012).

Field studies in western Anatolia revealed
that the E-W-trending Miocene basins are bounded
by approximately E-W-oriented low- and highangle normal faults (Koçyiğit, et al., 1999; Bozkurt,
2000, 2001; Sözbilir, 2001, 2002; Bozkurt and
Sözbilir, 2004, 2006; Emre and Sözbilir, 2007;
Çiftçi and Bozkurt, 2007, 2008, 2010). The low
angle normal faults in this province are associated
with domal uplift of the Menderes metamorphic
core complex of the lower plate and the formation of
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symmetric supra-detachment basins in the upper
plate. However, some studies revealed the presence
of several NE-SW trending strike-slip faults
controlling the NE-trending Miocene onshore
deposition on the western Anatolian crust (Kaya,
1981; Genç et al., 2001; Kaya et al., 2004; Erkül et
al., 2005; Uzel and Sözbilir, 2006, 2008; Sözbilir et
al., 2008) and offshore (Ocakoğlu, et al., 2004,
2005).This
transversely
oriented
strike-slip
dominated zone accommodated the lateral
termination of E-W trending graben-faults, linking
spatially discrete loci of extension, including the
Izmir-Balıkesir Transfer Zone (Figure 4). Along the
zone, the main structural contacts between the
tectonostratigraphic units were reactivated as
transtensional shear zones and resulted in NE-SW
trending elongated basins of Miocene age (Uzel et
al., 2012). The Izmir-Balıkesir Transfer Zone has
been described as a NE-trending strike-slip
dominated zone of weakness limiting the eastern
coastlines of the Aegean Sea between Balıkesir and
Izmir cities (Okay and Siyako, 1993; Ring et al,
1999; Kaya et al., 2007; Sözbilir et al., 2007;

Özkaymak and Sözbilir, 2008; Uzel and Sözbilir,
2008).

Near surface conditions at the recording sites
The reference site methods (e.g. SSR and
LSI methods) require a selection of suitable
reference station, which is generally preferred to be
located on outcropped bedrock. In order to
determine the near surface characteristics of the
seismic stations based on S-wave velocity (Vs), the
multichannel analysis of surface waves (MASW)
technique, carried out in the above-mentioned
project, and the collected MASW data, were
reinterpreted for this study. The average Vs value for
the top 30m of soil, referred to as VS,30, was
obtained for each recording site. Both VS,30 values
and the number of records recorded by each seismic
station were used to decide upon the location of the
reference station. Figure 5 shows the Vs – depth
profile up to 40m from the ground surface for each
recording site.

Figure 5 S-wave velocities versus depth variation at the station sites. Station codes are provided within each frame in
the upper right corner.
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The sites 3513, 3515, 3518, 3519, 3521,
3522 and 3530 located on alluvial –fluvial deposits
have VS,30 values less than 400 m/s. Five recording
sites, namely 3506, 3511, 3514, 3520 and 3525
located on hill sites have VS,30 values greater than
750 m/s that can be accepted as engineering
bedrock. However, among them only the recording
site 3511 was able to record all of the 26 events
used in this study. For this reason, the recording site,
3511, was selected as the reference site for both LSI
and SSR analysis.

3 DATASET
Seismic stations composed of 16 Guralp
CMG-5TD
tri-axial
force
feedback
type
accelerometers were deployed in the residential area
of Izmir, western Turkey, to record local and
regional earthquakes and to characterize seismic
response of the area (Polat et al., 2009). In this
study, the collected dataset includes 336 threecomponent waveform recordings from 26 local
events that occurred in the surroundings within the
period from 2010 to 2013. Distributions of analyzed
earthquake epicenters and the location of seismic
stations are shown in Figure 2. All seismic stations
have full-scale sensitivity from 0.1g to 4g and
acceleration output from DC to 100 Hz. The
sampling rate of each record is 100 Hz. Table 1 lists
the parameters of recorded events. It can be seen
from Table 1 that the magnitude ranges are 3-5 and
focal depth ranges are 6.7- 34.5 km. Hypocentral
distance range varies from 7.7 to 97.1 km. Table 2
shows the coordinates of the seismic stations, the
instrument and near surface condition of each
seismic station base on their VS,30 value. Table 3
presents the distribution of the obtained records
according to the seismic stations. In Figure 6, the
waveform recordings (north-south component) at 16
different stations for the event (ML 3.2), which
occurred at about 50 km from the array site, are
shown. The dataset used in this paper can be
accessed by using Turkish National Strong Motion
Observation
Network
(TR-NSMN),
http://kyh.deprem.gov.tr/ftpe.htm (last accessed
January 2014).
For the procedure of processing the dataset,
first the onset times of P and S waves were
identified at each station for an earthquake. By
using the origin time and focal distances for each
station, the travel time of P- and S-waves and hence
P- and S-wave velocities were calculated for each
earthquake (last two columns of Table 1, see
Appendix). It can be seen from Table 1, the P- and
S-wave velocities vary from 3.6-6.4 km/s and 2.23.8 km/s, respectively. The travel time of P- and S© TMMOB Jeofizik Mühendisleri Odası, 2016

wave as a function of hypocentral distance, obtained
from 336 records, is drawn in Figure 7. The average
P- and S-wave velocities for the region are 5.5 km/s
and 3.3 km/s, respectively. The estimated S-wave
velocities for each earthquake were used in the LSI
method presented in the following section. After the
instrument correction based on the pole-zero
response, the S-wave portions from the two
horizontal components (north-south and east-west)
of a record at a station were extracted and stored for
each of the 26 events. All of the S-wave windows
are almost composed of about 1500 (15 s) data
samples. DC correction and trend analysis based on
first-degree polynomial were performed on all
extracted S-wave windows. After performing a
bandpass filter with 0.05Hz low cut and 40 Hz high
cut frequencies and taper using cosine type window
with a length of 5% of data, Fourier amplitude
spectra were computed. In Fourier transformation,
the zero-padding procedure was applied. For all
spectra, Konno-Ohmachi (1998) smoothing function
with 40% smoothing constant was performed. All
computed acceleration spectra were converted to
displacement spectra by using an integration scheme
in the frequency domain and were used in the
analysis. Through the calculation, each amplitude
spectrum of the total horizontal component vector
H(f) was defined as the root mean square average of
two horizontal component spectra as:





0.5

(1)
H ( f )  NS 2 ( f )  EW 2 ( f )
where NS ( f ) and EW ( f ) are the amplitude
spectrum of north-south and east-west components,
respectively.

4 METHODS OF ANALYSIS
Linear spectral inversion for S-waves
The S-wave Fourier amplitude spectra (it may be
acceleration, velocity or displacement, here, it is
acceleration) of i-th earthquake observed at j-th
station can be expressed as follows (Iwata and
Irikura, 1986, 1988; Hartzell, 1992):

Oij ( f )  S i ( f ) Pij Gij ( f ) A j ( f )

(2)

where Oij ( f ) is the spectrum amplitude observed
in the j-th station for the i-th earthquake, S i ( f ) is
the source spectrum amplitude of the i-th
earthquake, Gij ( f ) is the site response of the j-th
station, and A j ( f ) is the instrument response of the
j-th station.
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Jeofizik, 2016, 18, 14-35
Table 1 List of the observed earthquakes and parameters used in this study

No

Origin Date & Time

E(o)

N(o)

Z(km) ML

# of
Vp
Vs
record (km.s-1) (km.s-1)

1

d.m.y
h:m:s
11.11.2010 20:08:00.59 27.3292 37.8725

26.09

4.7

15

5.8

3.3

2

23.12.2010 19:41:27.29 26.5682 38.3133

13.31

3.6

15

5.2

3.1

3

23.04.2011 22:22:12.77 26.7498 38.0682

28.10

3.9

15

5.9

3.5

4

27.12.2011 05:59:17.00 27.1748 37.9908

26.44

4.1

15

5.4

3.1

5

27.12.2011 07:51:46.00 27.1802 37.9685

6.85

4.4

15

5.1

2.9

6

05.12.2011 08:17:27.00 26.3418 38.8433

29.50

5.0

13

5.4

3.3

7

20.02.2012 06:34:26.00 27.4750 38.1412

23.46

4.4

14

4.9

3.1

8

28.06.2012 00:26:23.00 27.2647 38.8622

6.91

3.7

13

5.0

2.9

9

28.06.2012 00:27:35.00 27.2570 38.8955

7.00

3.2

16

5.3

3.2

10

03.08.2012 10:18:20.00 28.0650 38.7202

22.61

4.6

16

5.7

3.4

11

07.08.2012 23:17:37.96 28.0530 38.7327

18.05

4.0

13

5.8

3.3

12

07.08.2012 23:57:37.45 28.0463 38.7242

22.21

4.2

14

5.6

3.2

13

26.09.2012 03:17:24.00 26.6453 38.6413

26.17

3.7

10

5.2

3.2

14

15.01.2013 12:46:37.00 27.0450 38.1285

6.76

3.5

9

4.7

2.9

15

16.02.2013 00:24:16.00 26.5098 38.2807

22.26

3.8

11

5.2

3.3

16

27.04.2013 03:04:55.00 27.2718 38.3953

7.00

3.4

12

3.6

2.2

17

26.05.2013 02:39:20.00 27.1860 38.3187

6.97

3.6

14

3.7

2.3

18

30.05.2013 00:34:23.00 27.1915 38.3078

7.00

3.0

14

4.3

2.6

19

26.05.2013 05:30:05.00 27.1912 38.3188

6.88

3.5

14

3.9

2.5

20

26.05.2013 05:37:09.00 27.1825 38.3085

6.83

3.5

14

4.7

2.7

21

09.06.2013 02:47:30.00 26.7812 38.6303

34.51

3.2

10

6.0

3.7

22

09.06.2013 04:31:47.00 27.2395 38.7565

33.99

3.9

12

6.4

3.8

23

09.06.2013 15:15:08.00 26.7840 38.8048

26.69

4.0

13

5.6

3.3

24

13.07.2013 19:09:11.00 26.6798 38.1508

17.97

3.3

10

5.4

3.3

25

15.08.2013 12:48:16.00 27.4185 38.2258

7.00

3.2

8

5.3

3.0

26

08.09.2013 02:11:29.00 26.8195 38.3698

20.19

3.2

11

5.5

3.4

Pij is the path effect between j-th station and i-th
earthquake source location and can be expressed in
the following form:

Pij ( f ) 

wRij
1
exp( 
)
Rij
2QS ( f ) VS

(3)

(inelastic) attenuation. Qs ( f ) is the quality factor
described by the frequency-dependent attenuation
parameter of S-waves. VS and w ( 2  f ) in equation
(3) denote the average S-wave velocity and the
angular frequency, respectively. We used different
average S-wave velocity value, VS for each
earthquake in equation (3) and it is denoted by VS ,i

where

Rij is the focal distance between i-th

earthquake and j-th station and its inverse represents
geometric attenuation for body waves. The
exponential term in equation (3) represents intrinsic
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due to the fact that each earthquake out of 26
recorded a different depth that ranged from 6.7 to
34.5 km (Table 1).
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Table 2 List of stations, instruments and site conditions

No Station Code

Site Name

Instrument

E(o)

N(o)

Alt.(m) VS30 (ms-1)

1

3506

Guzelyali

CMG-5TD

27.0821 38.3944

26

871

2

3510

Balcova

CMG-5TD

27.0430 38.4090

3

298

3

+

3511

Pinarbasi

CMG-5TD

27.2563 38.4213

76

784

4

3512

Buca

CMG-5TD

27.1516 38.4009

79

409

5

3513

Merkez

CMG-5TD

27.1696 38.4584

2

168

6

3514

Bayrakli

CMG-5TD

27.1581 38.4762

197

838

7

3515

Bostanli

CMG-5TD

27.0940 38.4649

4

155

8

3517

Buca

CMG-5TD

27.1936 38.3756

136

501

9

3518

Konak

CMG-5TD

27.1435 38.4312

7

259

10

3519

Karsiyaka

CMG-5TD

27.1112 38.4525

10

122

11

3520

Manavkuyu

CMG-5TD

27.2111 38.4780

184

874

12

3521

Mavisehir

CMG-5TD

27.0764 38.4699

1

147

13

3522

Camdibi

CMG-5TD

27.1987 38.4357

68

250

14

3524

Yamanlar

CMG-5TD

27.1073 38.4969

64

432

15

3525

Yesilyurt

CMG-5TD

27.1084 38.3723

106

762

16

3530

Bornova

CMG-5TD

27.2244 38.4530

35

371

Note: + denotes the selected reference station

After instrument correction, equation (2) can
be expressed as:

linear problem by taking the natural logarithm of
both sites for a fixed frequency as:

Oij ( f ) Rij  S i ( f ) Gij ( f ) exp(w Rij /( 2Qs ( f )VS ,i ) )

o ijr  g ijr  wr jri

(7)

(4)
Equation (4) can be written in a similar form
for the reference site:

Oir ( f ) Rir  S i ( f ) Gir ( f ) exp(w Rir /( 2Qs ( f )VS ,i ) )
(5)
Hence, the ratios between the spectrum at the j-th
station and that at the reference station for i-th
earthquake are as follows:

Oij ( f ) Rij
Oir ( f ) Rir



Gij ( f )
Gir ( f )

exp(  w

( Rij  Rir )
2QS ( f )VS ,i

)

(6)

In

equation

 Oij ( f ) Rij 
,
 Oir ( f ) Rir 

(7): o jr  ln 
i

G ( f ) 
1
g ijr  ln  ij
(also denotes the
,  
2QS ( f )
 Gir ( f ) 
( Rij  Rir )
damping ratio) and r jri 
.
V S ,i
Consequently, equation (7) can be written in a
matrix form as:

d( n1)  A( n p, p ) m( p1)

(8)

where the subscript r denotes the parameter of the
reference site. Equation (6) can be turned into a
© TMMOB Jeofizik Mühendisleri Odası, 2016
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Table 3 Distribution of records according to the stations
Sta./Eq.
3506

1
*

2
*

3
*

4
*

5
*

6
*

7

8
*

9
*

10
*

11
*

12
*

13
*

14
*

15
*

16
*

17
*

18
*

19
*

20
*

21
*

22

23
*

24
*

25

26
*

# of record

3510

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

26

+

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

26

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

19

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

3511

3512
3513

*

*

*

*

*

*

3514

*

*

*

*

*

*

3515

*

*

*

*

*

*

3517

*

*

*

*

*

3518

*

*

*

*

*

*

*

*

*

*

3519

*

*

*

*

*

*

*

*

*

*

3520

*

*

*

*

*

*

*

3521

*

*

*

*

*

*

*

*

3522

*

*

*

*

*

*

*

3524

*

*

*

*

*

*

*

3525

*

*

*

3530
# of
record

*
15

15

15

*
*

*
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

*

*

*

*
*

*

*

*
*

*
*

*

20

*

*

*

*

*

20

*

19

*

24

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

15

*

*

*

22

*

*

*

21
*

*

*

20

*

*

*

23

*

*

16
*

*

22

*

*

20

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

15

15

13

14

13

16

16

13

14

10

9

11

12

14

14

14

14

10

12

13

10

8

23
11

Note: + and * denote the selected reference station and earthquake recorded at the station respectively
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Figure 6 Example of waveform recordings of an earthquake (ML 3.2) (number 9 in Table 1) that occurred
approximately 50 km from the array. The panels represent the north-south component. The station code is provided
within each frame in the upper right corner.

Figure 7 P and S-wave velocities for the study area obtained from 336 records (regression models are shown in the
panel).

© TMMOB Jeofizik Mühendisleri Odası, 2016
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Equation (8) represents a linear system of
equations. In equation (8), d is the data vector of
size nx1 (subscript n denotes number of observed
samples for a fixed frequency) containing the
logarithmic spectral amplitudes, m is the model
parameter vector of size px1 (subscript p denotes the
number of model parameter) containing the model
parameters and A is the system matrix of size nxp
that relating them. The least square solution, which
minimizes the prediction error, d  Am

2

can be

obtained by using the singular value decomposition
method (Menke, 1989, 2012; Santamarina and
Fratta, 2005). However, some constraints always
need to be solved in such linear systems. In this
study, we constrained the site response at the
reference site, 3511, which is equal to unity for all
frequencies.

Standard spectral ratios for S-waves
As presented in equation (2),
instrument correction we have the form:

Oij ( f )  S i ( f ) Gij ( f ) Pij ( f )

after

(9)

The spectral ratio is obtained by dividing the Fourier
amplitude spectra for the i-th earthquake’s S-wave
observed at the j-th station by the amplitude spectra
for the S-wave at the r-th station designated as the
reference station:

Oij ( f )
Oir ( f )



S i ( f )Gij ( f ) Pij ( f )
S i ( f )Gir ( f ) Pir ( f )

(10)

In equation (10), the source and the path effects for
the i-th earthquake is not exactly same as for the j-th
station and r-th station due to directivity effects.
However, if the separation between the j-th and r-th
stations is much less than the hypocentral distance
and in addition, by including a large enough number
of earthquakes, these effects can be negligible and
are expected to average out. Thus, the equation (10)
can be turned into a simple form:

T jr ( f ) 

Oij ( f )
Oir ( f )



Gij ( f )
Gir ( f )

(11)

where Tjr(f) stands for the transfer function between
the j-th station and the reference station.
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5 RESULTS AND DISCUSSION
Site effect
Figure 8 shows the site amplification factors
obtained from both LSI and SSR methods as a
function of the frequency for each recording site.
From Figure 8, the seismic amplification factors
obtained from LSI range from 1.6 to 7 while those
obtained from SSR method range from 1.7 to 10.8.
Relatively higher amplification factors are observed
at the seismic stations 3513, 3515, 3518, 3519,
3521, 3522 and 3530, which were located on
alluvial and fluvial deposits, and have VS,30 values
less than 400 m/s. These seismic stations are located
on the coast of Izmir bay except for 3530. The
predominant frequencies at these seismic stations
vary from 0.8 to 1.5 Hz while the other seismic
stations (3506, 3510, 3512, 3514, 3517, 3520, 3524
and 3525) located on hilly sites, for which VS,30
values are greater than 750 m/s, vary from 19.4 33.2
Hz. The site response obtained from LSI and those
from the SSR method are well correlated at
predominant frequencies. However, the seismic
amplification factors obtained from the SSR method
are somewhat greater than those obtained from LSI
for some sites, e.g. 3515, 3517, 3519 and 3521
(Figure 9). The amplification factors and the
predominant frequencies obtained from both
methods for the recording sites are summarized in
Table 4.
Table 4 Predominant frequencies, seismic amplification
factors, vulnerability indexes and average shear strain
levels (for ML 3.2 and maximum measured horizontal
acceleration 15E-4 m.s-2) at the station sites
Station Fg (s-1) Fg(s-1) Ag
Ag
Kg (s2m-1)
Code (LSI) (SSR) (LSI) (SSR) (from LSI)

 (x10-6)

3506

22.3

22.3

2.6

2.2

0.3

0.03

3510

19.9

19.9

4.1

4.1

0.6

0.17

3512

19.4

22.6

5.2

4.7

0.9

0.19

3513

0.8

1.1

5.6

7.8

38.9

21.17

3514

21.6

20.8

3.4

5.3

0.4

0.05

3515

1.0

1.2

3.5

7.5

12.5

7.31

3517

33.8

32.7

2.0

4.6

0.1

0.01

3518

1.5

1.2

3.9

6.1

9.7

3.40

3519

0.9

1.2

4.9

8.9

27.5

20.58

3520

22.7

6.1

1.6

1.7

0.1

0.01

3521

1.1

1.1

7.4

10.8

49.9

31.06

3522

1.2

1.2

3.1

3.7

5.6

2.04

3524

22.4

4.7

3.3

4.7

0.4

0.08

3525

25.6

3.7

3.6

2.6

0.4

0.05

3530

1.1

1.3

4.1

4.3

14.2

3.49

24
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Figure 8 Site responses obtained from LSI and SSR methods. The station codes are provided within each panel in the
upper left corner.

Figure 9 Comparison of seismic amplification factors obtained from LSI and SSR methods for predominant
frequencies.

© TMMOB Jeofizik Mühendisleri Odası, 2016

25

Jeofizik, 2016, 18, 14-35
Vulnerability estimation
According to Ishihara (1982), soil begins to
show non-linear characteristics at shear strain  level
of about 10-3 and in >10-2 large deformations and
collapse occurs. The seismic vulnerability index
(Kg) value has been proposed by Nakamura (1996)
as an indicator for accurately estimating earthquake
damage of surface ground and structures. Nakamura
(2000) showed a reliable correlation between Kg and
the distribution of earthquake disaster damage. Kg is
useful for the detection of areas that are in a weak
zone at the time of the earthquake occurrence.
Average shear strain  of surface ground is
expressed as (Nakamura, 1996, 1997, 2000):

 

Ag2

1
a
Fg  Vb
2

(12)

where, Ag and Fg are amplification factors and the
resonance frequency obtained from HVSR,
respectively. Vb represents S-wave velocity of
basement ground and a indicates the acceleration
caused by the earthquake at the basement ground.
Kg values and average shear strain  at the recording
sites is calculated by using Ag and Fg obtained from
the LSI method. It should be noted that the obtained
vulnerability indexes and average shear strains show
the relative values according to the reference station
3511. Vulnerability index and average shear strains
calculated for a specific earthquake magnitude of
3.2 (a=15E-4 m.s-2) are shown in Table 4. Kg values
were classified into four major types: Low (0-5),
Moderate (6-10), High (11-20) and very High (>20).
High and very high Kg values are obtained for the
stations; 3513, 3515, 3519, 3521 and 3530, which
are close to the coast of Izmir Bay, except for 3530
(Figure 2). It can be concluded that these locations
are relatively weaker than the other sites. The other
sites appear low except 3518 and 3522, which are
moderate. The average shear strains at these seismic
stations range from 20x10-6 to 31x10-6 for the
earthquake (number 9 in Table 1) with maximum
measured horizontal acceleration, a=15E-4 m.s-2 at
the reference site 3511. Figure 10a shows the
correlation between Kg and VS,30. Two parameters
show a strong correlation and fit the model
Kg=1.18x106(VS,30)-3.64 with correlation coefficient
0.91. Another strong correlation was found between
VS,30 and average shear strain  and fit the model  =
1.06x103 (VS,30)-3.64 with correlation coefficient 0.91
(Figure 10b).

© TMMOB Jeofizik Mühendisleri Odası, 2016

Figure 10 Correlation between a) VS,30 and
vulnerability index Kg, and b) VS,30 and average shear
strain  for the study site.

Path effect
Figure 11a shows the estimated Qs-values
obtained from the LSI method with the regression
line as a function of frequency. The Qs-values are
clearly proportional to frequency. Hence, we used a
model Qs(f)=f to fit the evaluated Qs-values and
we found the relationship Qs(f)=59.4f0.92 in the
frequency range from 0.1 to 40 Hz. From the Figure
11a it is clear that the Qs-values for 0.4 Hz and
higher frequencies are more influenced by medium.
If the average Vs value is fixed at 3.3km/s for the
region and using the relation max =Vs/fmin,
maximum wavelength max is approximately 8 km
(Figure 11b). As is well known, short wavelength
seismic signals carry information relating to shallow
depths and increase the penetration depths by
increasing the wavelength. This means that, the
medium up to about 8 km depth from the ground
surface plays an important role on seismic wave
attenuation. The finding obtained in the present
study is consistent with Ulugergerli et al. (2007) and
Akyol et al. (2006). The b value (defined as a
tectonic parameter) may give valuable seismological
26
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information about the region as pointed out by, for
example, Mogi (1962), Scholz (1968) and Weeks et
al. (1978). In terms of absolute value, a zone with a
relatively low b value compared to the surrounding
area indicates an energy accumulation zone, while
higher b values outline energy-release zones.
Ulugergerli et al. (2007) evaluated 886 local
earthquakes that occurred around the present study
region to gain some insight about tectonic activities.
They determined b-values vs. depth variation for the
region and concluded that b-values are relatively
high and rapidly changing up to 10 km from the
ground surface and then become almost constant
beyond that depth (Figure 12). Akyol et al. (2006)
reported hypocentral distribution of the earthquakes
and peak seismicity for western Anatolia occurs at
depths of about 10 km.

Figure 12 b-value variations with depth at study region
(Ulugergerli et al., 2007)

Source spectra and source parameters
In order to derive the source parameters of
26 events, we used acceleration time histories
recorded by reference station 3511 (Table 3). The
displacement spectrum of each event was calculated
from the acceleration spectrum by using an
integration scheme in the frequency domain. Chael
(1987) indicates that for moderate and small
earthquakes, the displacement source spectrum is
well consistent with Brune’s (1970) omega-square
model. Therefore, source displacement amplitude
spectrum of the i-th event is expressed by the
omega-square model (Brune, 1970) and fitted by
using non linear least squares (Seber and Wild,
2003):

Si ( f ) 

where

Figure 11 a) Variation of quality factor Qs obtained for
S-waves as a function of frequency for the study region,
b) Variation of Qs vs. Wavelength ().
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 0, i

(13)

  f n 
1    
  f c  



 0, i

is

the

low

frequency

source

displacement amplitude level (it has a flat level for
frequencies below the corner frequency) of the i-th
earthquake and fc is the corner frequency. We
estimated  0, i , fc and the power coefficient n in
equation (13) for each of the 26 events and listed
them in Table 5. The observed and theoretical
source displacement spectrums are shown in Figure
13. Seismic moment of each event is computed by
using source model parameters as follows (KeilisBorok, 1960):
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Figure 13 Source displacement spectra, S(f) of earthquakes with theoretical source models. Earthquake number (Table 1) is given in the left bottom of each panel.
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M0 

4VS3, i  0, i
R FV

Ri ,r

(14)

where VS , i is the average shear wave velocity
computed by using the i-th event S-wave travel
times (Table 1, Appendix A),  is average density,

From the Figure 15b and Figure 15c, it can
be seen that the error distributed in the range from
about ±0.5 and relative error is less than 12%. We
compared the relation (20) with Ulusay et al. (2006),
and derived a relationship between ML and MW by
compiling 170 events for Turkey. Ulusay et al.
(2006) gives an over estimation for our dataset.

here is 2800 kg/m3. R is radiation pattern
coefficient of S-wave, which can be simply given as
0.63 (Andrews, 1986). FV is the free surface
amplification factor and we set it to 1. Ri ,r is the
focal distance from i-th event to the reference site.
The moment magnitude of each event is obtained as
follows (Havskov and Ottemöller, 2010):

MW  log10 (M 0 )  6.07

(15)

Following Brune (1970, 1971), the source
radius and stress drop can be estimated as:

r

2.34 VS ,i
2f c

 

7M o
16r 3

(16)

(17)

Table 5 gives the source spectrum
parameters and the source parameters of the 26
events. Figure 14a and Figure 14b provides,
respectively, the correlation between the seismic
moment stress drop and local magnitude seismic
moment obtained for the 26 events. From Figure
14a, the relationship between the seismic moment
M0(N.m) and stress drop ∆(MPa) is as follows:

  6.89  1012 M 00.71

Figure 14 Correlation between a) seismic moment (M0)
with stress drop (∆) and b) ML with M0.

(18)

From the Figure 14b, the relationship
between the local magnitude and seismic moment is
as follows:

log10 (M 0 )  8.57  1.61M L

(19)

We derived a relationship between local
magnitude ML and moment magnitude MW (Figure
15a), which can be applicable in the local magnitude
range from 3 to 5 for the region:

M W 1.037M L  0.142
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(20)

Figure 15 a) Correlation between ML and MW, b) error
and c) scaled relative error versus cumulative
frequency.
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6 CONCLUSIONS
In this paper, we presented the results
obtained from applying the Linear Spectral
Inversion (LSI) method to the data, composed of
336 accelerograms obtained from 26 slight to
moderate events recorded by 16 seismic stations in
the urban area of Izmir, western Turkey. The LSI
method allowed us to separate source, path and site
effects in the recorded motions and to estimate

source parameters (e.g. seismic moment, source
radius and stress drop) for the study region. Site
responses obtained from the LSI method are
compared with the Standard Spectral Ratio (SSR)
method. The main findings of this study are as
follows:

Table 5 Inversion results for source displacement spectra and source parameters of each earthquake

No Source Model Parameters
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

-1

Ωo(m.s)

fc(s )

n

1.30E-04
6.20E-06
1.25E-05
3.14E-05
1.16E-05
8.67E-05
1.28E-04
3.85E-06
1.03E-06
1.82E-05
2.24E-06
8.18E-06
1.95E-06
2.23E-06
2.75E-06
4.33E-06
1.20E-05
7.38E-07
1.23E-05
5.99E-06
9.72E-07
2.72E-06
1.02E-05
2.40E-06
3.28E-06
7.02E-07

2.49
2.70
3.66
2.91
3.58
2.40
1.78
1.97
2.87
4.10
3.77
2.16
2.81
0.98
2.54
9.55
2.65
3.95
3.11
3.68
3.21
4.43
1.95
1.45
2.16
2.24

3.47
2.56
2.75
3.06
2.86
3.22
3.19
1.95
1.91
3.61
2.33
3.31
1.99
1.44
2.92
7.02
3.14
1.71
2.97
2.72
3.52
3.31
2.86
1.86
1.86
1.63
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r(m)
535.6
424.3
552.1
393.8
466.0
598.6
643.0
403.9
412.8
585.5
486.8
548.0
421.7
1096.6
480.8
85.2
321.4
243.7
297.5
271.3
426.8
563.6
626.2
840.0
514.6
562.7

∆ (MPa) Mw Mo(N.m)
64.17
3.76
11.87
18.98
9.00
73.63
13.35
1.95
0.67
21.50
4.76
3.18
1.28
3.96
1.52
6.09
1.47
0.33
2.39
2.14
0.77
2.33
2.36
0.22
0.44
0.16

4.8
3.8
4.4
4.2
4.1
5.0
4.5
3.6
3.3
4.6
4.0
4.0
3.5
3.3
3.7
2.6
3.3
2.6
3.4
3.3
3.4
3.9
4.0
3.6
3.3
3.1

2.25E+16
6.54E+14
4.56E+15
2.65E+15
2.08E+15
3.61E+16
8.11E+15
2.92E+14
1.04E+14
9.86E+15
1.25E+15
1.19E+15
2.18E+14
1.19E+14
3.83E+14
8.59E+12
1.10E+14
1.05E+13
1.43E+14
9.71E+13
1.36E+14
9.48E+14
1.26E+15
2.93E+14
1.34E+14
6.15E+13
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7 out of 16 seismic stations, 3513, 3515,
3518, 3519, 3521, 3522 and 3530, which were
located on Holocene alluvium deposits, have higher
amplification factors at frequencies below 2 Hz;
whereas, the remaining 9 stations, 3506, 3510, 3511,
3512, 3514, 3517, 3520, 3524 and 3525, which were
located on hilly sites, have relatively small
amplification factors at frequencies above 20 Hz.
Site responses obtained from the LSI method are
compared with those from the SSR method and
there is almost a solid agreement. Vulnerability
index (Kg) and average shear strain () at the each
seismic station was computed using the relationship
suggested by Nakamura (1996, 1997, 2000) for a
specific earthquake magnitude of 3.2 and for
observed maximum horizontal acceleration of 15E-4
m.s-2. Kg values for the seismic stations, which were
located on Holocene alluvium deposits, are larger
than 10 and for the remaining seismic stations are
less than 1. Relatively large  is estimated for the
three stations, 3513, 3519 and 3521, which were
located close to Izmir Bay. Average shear wave
velocity value up to the first 30 m from the ground
surface, VS,30 showed a strong correlation with Kg
and .

S-wave attenuation depending on Qs as a
function of frequency fits the model Qs=59.4f0.92.
The variation of Qs at frequencies above 0.4 Hz is
steady while at frequencies below 0.4 Hz is almost
unsteady. The estimated maximum wavelength
corresponding to 0.4 Hz frequency value is about 8
km, which can be seen as a boundary that separates
two regions in the sense of attenuation. In other
words, the S-wave suffers more by medium, which
lay up to 8 km depth from the ground surface in the
study region. This result is in accordance with the
results of Akyol et al. (2006) and Ulugergerli et al.
(2007).

We found that the source displacement
spectrum generally follows Brune’s (1970) omegasquare model for small and moderate events.
However, for frequencies, especially at above 10
Hz, the source model shows discrepancies with the
observed spectrum. It can be interpreted as the effect
of near surface conditions at the recording site.
However, the event’s focal distance close to the
recording station, such as event no 26 in Table 1
that is only 7 km, increases these kinds of
inconsistencies.

The estimated stress drop values for slight to
moderate events vary between 0.16 and 73.63 MPa.
These results are in accordance with the worldwide
range of normal faulting earthquakes over different
© TMMOB Jeofizik Mühendisleri Odası, 2016

seismic moment and tectonic regions (Kanamori,
1994). We found that there is a strong correlation
between seismic moment and stress drop. We
derived a relationship between moment magnitude
MW and local magnitude ML, which is applicable
for slight to moderate events for the study site.
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APPENDIX
The focal depths of the earthquakes, analyzed
in this study, vary from 6.7 km to 34.5 km. There is
no doubt, that physical characteristic of the medium
from ground surface to the depth of 34.5 km in this
region significantly varies. Therefore we used
different shear wave velocity for each event, instead
of an average shear wave velocity in the equation
(3). To determine P-and S-wave velocities, the onset
times of P- and S-waves were identified at each
station for an event. The travel time of P- and Swaves and hence P- and S-wave velocities were
calculated for each event by using its origin time
and focal distances for each station. Figure A1
shows focal distances vs. traveltimes plot for each
event and regression models for P- and S-wave
velocities.

Figure A P- and S-wave traveltimes versus hypocentral distance for each earthquake, solid lines denote linear
regression lines. The number given on each panel shows the earthquake number listed in Table 1. The correlation
models showed in the panels.
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Figure A (continue)
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