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ABSTRACT: The main aim of this study is to investigate the self-relation and self-similarity of earthquakes in and around the Mar-
mara Sea (NW Turkey) by using these obtained source parameters. With this purpose, spectral source parameters for 77 small to
moderate earthquake (3.5 ≤ ML ≤ 5.2) that occurred during 2004–2018 have been determined from P and S wave spectra according
to Brune’s source model by using regional broadband seismograms. The average ratio of P/S wave corner frequency is found to be
1.3 that suggesting higher corner frequency for P wave. The static stress drops range from 0.1 and 136 MPa with a median value
of 9.8 MPa (98 bars). The high stress drops for these events can indicate high frictional strength and low strain-rate of the faults.
Similarly, the low values of the stress drop can indicate a general weakness of the faults in the study area. There is no clear depen-
dence between the seismic moment and the static stress drop in the analyzed events but some events which have lower seismic
moment value also have lower stress drop. Obtaining results indicated the corner frequency decreases with increasing of the seismic
moment. Also, a slight depth dependence of the corner frequency has been observed for the analyzed events. Shallower events have
larger corner frequency value than deeper events. Also, a clear depth dependence of the stress drop values has not been observed.
However, the depth dependence of the seismic moment is seen more clearly. Our results indicated that the deeper events have larger
seismic moment values in the study area. In spite of scattering in small events, a linear relationship between local magnitude (ML)
and moment magnitude (MW) could be obtained as MW = 1.4261(± 0.31) + 0.6399(± 0.08)ML from P waves spectra and MW =
0.0136(± 0.21) + 0.9883(± 0.05)ML from S wave spectra and calculated MW values are consistent with waveform inversion (centroid
moment tensor – CMT) results. These relationships may be useful for seismic hazard studies in the study area. 
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1. INTRODUCTION

Most earthquakes are inaccessible to direct observation,
therefore it is not easy to determine the source parameters such
as seismic moment, stress drop and source dimension by using
field observation. The determination of source parameters is
important for understanding the physics of earthquakes. However,
due to the small number of large earthquakes, small and moderate
earthquakes are important in the studies and understanding of
the physics of earthquake source. The relations between the

source parameters of small to moderate earthquakes provide
important information about the earthquake source. Spectral
methods are widely used in determination of source parameters
of these earthquakes which cannot be observed directly. There
are many studies on this subject in the literature following
Brune’s (1970, 1971) source model (among others, Chouet et al.,
1978; Fletcher, 1980; Frankel, 1981; Zobin and Havskov, 1995;
Allen et al., 2004; Prieto et al., 2004; Oye et al., 2005; Franceschina
et al., 2006; Allman and Shearer, 2007; Tusa and Gresta, 2008;
Kumar et al., 2014). However, a few studies in the Marmara
region in Turkey have taken place in the literature (Parolai et al.,
2007; Gök et al., 2009; Köseoğlu et al., 2014). 

The Marmara Region in NW of Turkey is one of the most
active seismic areas in Turkey. The North Anatolian Fault Zone
(NAFZ) passed through the region and produced several large
earthquakes. Three large earthquakes (M > 7 – 1912 Ganos (MS
= 7.3), 1999 Gölcük-Kocaeli (MW = 7.4) and Düzce (MW = 7.2))
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occurred in the last century in the study area (Irmak, 2000).
Despite being one of Turkey’s most seismically active regions,
the number of studies for the determination of source parameters
of small moderate earthquakes is small compared to other similar
regions in the Earth. Parolai et al. (2007) studied source parameters
of the eastern Marmara Region. They studied 523 aftershocks
(0.5 < ML < 5.9) of the 1999 Kocaeli earthquake and determined
that the stress drop values were changing between 0.002–40 MPa.
Parolai et al. (2007) suggested that the seismic moment range
between 1.05e14 and 2.41e14 Nm. Köseoğlu et al. (2014) analyzed
174 events (2.5 < ML < 5.5) that occurred western part of Turkey
including Marmara region. Köseoğlu et al. (2014) reported that
the seismic moments are in range 1.28e14 to 1.66e14 Nm, stress
drops on the fault are in range 0.17 to 6476 MPa and corner
frequencies are 0.2 to 15 Hz, and the source sizes of the events
are 0.0862 to 5.1042 km. The different scaling relation between
stress drop and event magnitudes for similar size earthquakes has
been observed in the study of Parolai et al. (2007) and Köseoğlu
et al. (2014). 

In this study, we tried to determine the source parameters of
small to moderate earthquakes occurring in the Marmara region
by using the P and S wave spectrum and to establish meaningful
relationships between these parameters. The seismic moment
was used to derive new empirical relationships with the local
magnitude ML. The results can be used to understand the source
properties of the earthquakes occurring in the region as well as
in seismic hazard studies.

2. SEISMOTECTONIC OF THE REGION

NW Turkey contains a number of tectonically active basins
that formed by right-lateral strike-slip NAFZ (Fig. 1). The NAFZ is
one of the largest strike-slip faults in the world and is known for
its similarity to the San Andreas Fault in California. The NAFZ
is running east to west from Karliova (41.0°E) to Bolu (31.5°E)
as a relatively simple, narrow, right-lateral strike-slip fault zone.
It is divided into two branches in the Marmara region so that the
deformation becomes distributed over a 120 km wide zone and
when it enters the Aegean Sea, it has a more diffuse structure than
its appearance in the east (Sato et al., 2004). The annual rate of
the NAFZ is around 20–30 mm/year and is separating the Anatolia-
Eurasian plates (e.g., Ambraseys, 1970; Toksöz et al., 1979; Barka
and Kadinsky-Cade, 1988; Taymaz et al., 1991; Barka, 1992; Smith
et al., 1995; Stein et al., 1997; Nalbant et al., 1998; Armijo et al.,
1999, 2000; Barka, 1999; Hubert-Ferrari et al., 2000; McClusky
et al., 2000; Okay et al., 2000; Reilinger et al., 2000; Imren et al.,
2001; Le Pichon et al., 2001; Irmak et al., 2007; Tunç et al., 2011;
Kinscher et al., 2013). The NAFZ has produced number of large
earthquakes (M > 7) and ruptured over most of its length during

the last century between 1939 and 1999 (Ambraseys, 1970; Barka,
1996; Stein et al., 1997). The last two earthquakes in the Marmara
region were the 1912 Mürefte earthquake occurring in the west
of the region and the 1999 earthquake that occurred in the east
of the region. The area between the two earthquake rupture,
which comes to the central part of the Marmara region, has
remained silent since the earthquake of 1766 (Stein et al., 1997;
Bulut et al., 2009).

The Marmara region, especially the Marmara Sea, exhibits a
complex tectonic structure. Several studies have been carried
out to infer tectonic models for the Marmara Sea region after
the devastating 1999 Kocaeli earthquake (MW = 7.4), but the fault
structure below the Marmara Sea is still complex and debated.
There are two different views on the region. The first is described
by Le Pichon et al. (2001). They have defined a single localized
through-going right-lateral strike-slip fault segment in the region.
The second is described by Armijo et al. (2002). They reinterpreted
it as a composition of several oblique extensional segments,
separated by zones of distributed deformation (Sato et al., 2004).
On the other hand, this region is defined as a transition zone
from NAFZ’s strike-slip regime to the extensional regime in the
Aegean Sea by Sato et al. (2004). However, the common idea or
acceptance is that of the NAFZ below the Marmara Sea consists
of three pull-apart sub- basins (Armijo et al., 1999, 2002, 2005;
Imren et al., 2001; Le Pichon et al., 2001, 2003; Demirbag et al.,
2003; Karabulut et al., 2003; Kurtulus and Canbay, 2007; Bayrakci
et al., 2013; Fichtner et al., 2013a, 2013b).

3. DATA AND METHODOLOGY

The waveform data which belongs to 77 earthquakes in the
magnitude range 3.5–5.2 used in this study were selected from

Fig. 1. Map of the study area, red circles represent studied earthquakes
according to their size, while blue triangles represent stations. Black
lines indicate main branches of the North Anatolian Fault Zone. 
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the broadband seismic stations of the Kandilli Observatory and
Earthquake Research Institute (KOERI) with the sampling rate
of 100 sps during 2004 to 2018. The stations and earthquake
epicenters which have used are shown in Figure 1.

P (vertical component) and S wave (transverse component)
amplitude spectra have been used for the spectral analysis. We
used at least three stations records which were recorded at different
distances for each event. For P wave analysis, 1.5 sec time window
which is dependent on the earthquake magnitude has been
selected for all analyzed events. The all seismograms belongs to
analyzed events have been tapered by a Haning window. All
seismograms have been recorded by velocity seismographs.
First, baseline correction has been done by removing the mean.
Then instrument response has been deconvolved and finally, all
seismograms convert to displacement. The Brune’s ω–2 model
has been used for fitting the observed P wave spectra (Fig. 2).
For S wave, window length was chosen as 10–30 s, depending

on the magnitude and distance to the source. 
The observed displacement amplitude spectrum is described

as follows; 

, (1)

where f is the frequency, R is the hypocentral distance, G(R)
the attenuation generated by geometrical spreading, S( f) the
amplitude source spectrum, A( f.t) the anelastic attenuation, t
the travel time. To eliminate the negative effects of attenuation and
geometrical spreading on amplitudes, the observed displacement
spectrum (U( f·R)) has been corrected for attenuation and
geometrical spreading. Then, the source spectrum (S(f)) has
been determined.

All analyzed earthquakes were within 100 km distance,
therefore following Havskov and Ottomöller (2010) G(R) =
1/R was assumed for P and S waves as the attenuation due to
geometrical spreading. For attenuation correction, a frequency-

U f R⋅( ) G R( ) S f( ) A f t⋅( )⋅ ⋅=

Fig. 2. Waveform example of (a) P and (b) S waves. Lower part of the figure shows spectra and determined corner frequency (fc).
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dependent attenuation relation (Horasan et al., 1998)

,  (2)

and Qp ≥ 2Qs have been applied. 
Then, spectral source parameters, corner frequency (fc), source

radius (r), seismic moment (Mo), stress drop (Δσ), and moment
magnitude (MW) were estimated by using corrected source
spectrum. Kumar et al. (2012) algorithm was used to estimate
the source parameters. 

The seismic moment has been calculated using the value of
Ωo and the following equation (Keilis-Borok, 1960; Haskell,
1964; Brune, 1970, 1971):

, (3)

where ρ is the average density (ρ = 2.67 g/cm3), VP,S is P and S
wave velocity in earthquake source zone, respectively. R is the
hypocentral distance that causes geometrical spreading. Ωo is
low frequency spectral level. Rθϕ is the average radiation pattern
(Rθϕ = 0.52 for P wave and Rθϕ = 0.63 for S wave), and k is free

surface amplification (k = 2), (Boatwright, 1980). Kalafat et al.
(1987) velocity model was used both for source area and
beneath receiver structure.

The moment magnitude has been calculated the following
equation proposed by Hanks and Kanamori (1979):

. (4)

The source radius and the stress drop have been calculated
following equation (Hanks and Wyss. 1972): 

, (5)

.  (6)

4. RESULTS AND DISCUSSION

The results obtained using displacement spectra of P and S
waves are given in Tables 1 and 2, respectively. The determined

QS 50  1.7±( )f 1.09 0.05±
=
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---------------------------⋅ ⋅ ⋅=
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Table 1. Obtained spectral source parameters for P waves of the analyzed events

Date h (km) ML fc(P) (Hz) Mw Mo(S) rP (m) Δσ(P) (MPa) Number of Used Stations
1 20071209_032009 15 3.6 7.1 3.6 ± 0.4 2.84E + 14 313.4 4.0 4
2 20080412_032520 10.1 3.6 2.1 4.2 ± 0.5 1.90E + 15 1090.0 0.6 5
3 20080629_082801 6.8 3.7 4.8 3.8 ± 0.3 5.40E + 14 466.5 2.3 4
4 20080709_045448 6.4 3.6 10.7 3.9 ± 0.4 6.70E + 14 209.8 31.7 6
5 20080710_074953 13.6 4.9 2.1 4.6 ± 0.4 7.60E + 15 1090.0 2.6 6
6 20080714_160212 7.9 3.7 8.3 3.8 ± 0.3 6.30E + 14 269.2 14.1 8
7 20081005_060405 15.3 4.1 7.1 4.3 ± 0.2 3.24E + 15 313.4 46.1 10
8 20081022_010035 8.3 3.6 4.0 4.0 ± 0.2 1.15E + 15 557.3 2.9 4
9 20090123_163450 14.9 3.5 3.6 3.9 ± 0.4 8.42E + 14 617.3 1.6 4

10 20090124_155838 16.5 4.2 2.1 4.4 ± 0.3 5.25E + 15 1090.0 1.8 10
11 20090125_032652 14.5 3.6 3.2 4.0 ± 0.3 9.46E + 14 691.8 1.3 10
12 20090318_163337 10.9 3.7 3.2 3.9 ± 0.2 8.36E + 14 691.8 1.1 7
13 20090427_190306 18.3 4.1 1.7 4.7 ± 0.5 1.34E + 16 1346.1 2.4 5
14 20090523_215700 10.8 3.8 13 3.8 ± 0.4 6.19E + 14 172.0 53.2 6
15 20090622_092911 5.8 3.6 6.4 3.8 ± 0.4 4.77E + 14 351.9 4.8 7
16 20090718_095952 6.7 3.6 6.4 3.8 ± 0.4 5.66E + 14 351.9 5.7 7
17 20090801_164238 10.0 4.1 4.8 4.1 ± 0.3 1.83E + 15 466.5 7.9 7
18 20091116_184722 13.7 3.7 5.6 3.7 ± 0.4 3.68E + 14 401.2 2.5 9
19 20100203_215755 9 3.5 14.9 3.7 ± 0.5 4.55E + 14 149.6 59.5 3
20 20100308_160711 2.8 3.5 4.8 3.5 ± 0.5 2.21E + 14 466.5 1.0 5
21 20100313_011921 16 3.6 4.0 4.0 ± 0.6 9.43E + 14 557.3 2.4 9
22 20101003_174903 11.8 4.4 1.7 4.6 ± 0.4 8.30E + 15 1346.1 1.5 5
23 20101026_220940 10.2 3.5 9.5 3.5 ± 0.3 1.68E + 14 235.7 5.7 7
24 20110120_020937 11.7 4.3 15.3 3.8 ± 0.8 5.43E + 14 145.8 76.7 7
25 20110225_092009 6.9 3.9 9.8 4.1 ± 0.4 1.60E + 15 226.4 60.3 6
26 20110309_070403 9.4 4 2.1 4.0 ± 0.7 1.16E + 15 1090.0 0.4 8
27 20110309_070612 3.0 3.7 3.2 3.7 ± 0.6 8.32E + 14 691.8 1.1 5
28 20110330_170720 7.9 4.4 4.4 4.1 ± 0.5 1.36E + 15 507.9 4.5 7
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Table 1. (continued)

Date h (km) ML fc(P) (Hz) Mw Mo(S) rP (m) Δσ(P) (MPa) Number of Used Stations
29 20110530_084230 13.1 3.6 4.0 3.5 ± 0.8 1.75E + 14 557.3 0.4 7
30 20110711_160912 6.5 4.7 2.1 4.4 ± 0.4 3.77E + 15 1090.0 1.3 7
31 20110725_175720 17.0 5.2 2.8 4.5 ± 0.4 6.69E + 15 789.6 6.0 4
32 20110725_204352 7.2 3.5 2.8 3.7 ± 0.4 3.45E + 14 789.6 0.3 8
33 20110804_083519 2.0 3.5 8.3 3.7 ± 0.8 3.59E + 14 269.2 8.1 8
34 20110811_133711 4.8 3.6 10.7 3.8 ± 0.2 5.15E + 14 209.8 24.4 5
35 20110816_173006 5.4 4 11.4 4.0 ± 0.3 9.49E + 14 195.5 55.6 8
36 20111016_034225 7.0 3.8 6.7 3.7 ± 0.6 3.59E + 14 331.5 4.3 5
37 20120112_185231 7.1 3.6 4.4 3.4 ± 0.3 1.32E + 14 507.9 0.4 7
38 20120504_053813 12.0 4.3 3.2 4.1 ± 0.6 1.66E + 15 691.8 2.2 8
39 20120607_205425 14.9 5.1 0.9 4.9 ± 0.8 2.21E + 16 2539.3 0.6 9
40 20120808_130229 5.9 3.5 8.7 3.2 ± 0.1 8.29E + 13 257.1 2.1 5
41 20121026_033736 8.3 4 12.2 3.7 ± 0.2 3.70E + 14 183.0 26.4 7
42 20121027_023759 6.3 3.7 12.6 3.6 ± 0.3 2.94E + 14 177.3 23.1 7
43 20130817_181630 5.5 4.1 4.0 3.9 ± 0.3 8.80E + 14 557.3 2.2 6
44 20130925_133944 7.5 3.6 7.9 3.5 ± 0.4 2.13E + 14 282.5 4.1 7
45 20131003_102607 13.8 3.7 3.2 3.8 ± 0.5 6.65E + 14 691.8 0.9 8
46 20131127_041337 10.8 4.7 1.7 4.5 ± 0.8 5.89E + 15 1346.1 1.1 8
47 20140511_050700 11.0 3.6 6.4 3.6 ± 0.6 2.57E + 14 351.9 2.6 9
48 20140601_211745 11.0 3.6 7.1 3.8 ± 0.3 6.29E + 14 313.4 8.9 8
49 20140703_050446 11.8 4.6 2.8 4.8 ± 0.4 1.96E + 16 789.6 17.4 8
50 20140803_104244 3.4 3.6 7.1 3.9 ± 0.3 7.39E + 14 313.4 10.5 7
51 20140803_222244 11.5 4 5.6 4.1 ± 0.6 1.45E + 15 401.2 9.8 6
52 20141216_090213 12.9 4.4 1.7 4.5 ± 0.9 6.93E + 15 1346.1 1.2 6
53 20150123_101942 5.0 4.5 4.4 4.2 ± 0.3 1.91E + 15 507.9 6.4 6
54 20150511_041627 8.1 3.9 5.6 3.9 ± 0.4 7.09E + 14 401.2 4.8 4
55 20150813_010128 9.4 3.8 7.5 3.7 ± 0.2 3.94E + 14 297.2 6.6 5
56 20150829_124752 10.1 3.6 8.7 3.6 ± 0.6 2.98E + 14 257.1 7.7 7
57 20151028_162002 14.3 4.5 2.4 4.5 ± 0.4 7.35E + 15 915.8 4.2 10
58 20151105_122936 13.5 3.7 4.0 3.8 ± 0.8 5.82E + 14 557.3 1.5 9
59 20151116_154543 12.6 4.2 6.0 3.9 ± 0.4 7.54E + 14 374.9 6.3 9
60 20151207_205751 10.3 3.7 9.1 3.6 ± 0.3 2.84E + 14 246.1 8.3 7
61 20160130_090314 9.8 3.5 4.8 3.6 ± 0.3 2.43E + 14 466.5 1.1 6
62 20160327_050354 14.7 3.7 7.1 3.4 ± 1.2 1.37E + 14 313.4 2.0 6
63 20160328_172346 15.5 3.7 7.9 3.2 ± 0.5 6.85E + 13 282.5 1.3 6
64 20160607_040945 15.8 4.6 3.2 4.4 ± 0.2 4.55E + 15 691.8 6.0 6
65 20160607_080215 13.5 3.5 7.1 3.4 ± 0.3 1.38E + 14 313.4 2.0 5
66 20160622_233559 7.6 3.6 4.4 3.2 ± 0.3 6.39E + 13 507.9 0.2 5
67 20160625_054011 9.3 4.4 3.6 3.8 ± 0.2 6.35E + 14 617.3 1.2 7
68 20160709_142051 9.5 3.6 1.3 4.1 ± 0.7 1.48E + 15 1759.5 0.1 4
69 20160717_085541 11.4 4 2.8 4.0 ± 0.3 1.01E + 15 789.6 0.9 5
70 20160902_192457 9.0 3.7 9.1 4.0 ± 0.5 1.06E + 15 278.2 28.5 4
71 20161008_230246 5.5 3.7 11.0 4.1 ± 0.2 1.38E + 15 549.4 27.3 6
72 20170420_141121 6.4 4.3 2.8 3.4 ± 0.3 1.45E + 14 1072 0.3 7
73 20170722_221231 13.2 4.3 6.0 3.1 ± 0.3 4.83E + 13 326.5 0.7 5
74 20170725_152110 7.2 3.6 6.4 4.3 ± 0.2 2.70E + 15 308.6 92.5 6
75 20171231_201202 12.6 4.1 6.4 4.3 ± 0.1 3.52E + 15 608.8 121.4 8
76 20181130_023635 12.1 4.3 5.2 5.0 ± 0.2 4.21E + 16 4486.1 110 9
77 20181204_123803 11.3 3.6 2.4 4.4 ± 0.3 4.30E + 15 459.7 2.7 6
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Table 2. Obtained spectral source parameters for S waves of the analyzed events

Date h (km) ML fcS  (Hz) Mw Mo(S) rS (m) Δσ(S) (MPa) Number of Used Stations
1 20071209_032009 15 3.6 4.7 3.4 ± 0.2 1.29E +14 271.8 3.3 4
2 20080412_032520 10.1 3.6 1.64 3.7 ± 0.5 1.03E + 15 1002.0 0.4 5
3 20080629_082801 6.8 3.8 4.30 3.6 ± 0.2 3.40E + 14 304.1 2.3 4
4 20080709_045448 6.4 3.6 5.1 3.4 ± 0.3 4.35E + 15 260.5 6.5 6
5 20080710_074953 13.6 4.9 1.7 4.7 ± 0.3 1.73E + 16 863.5 13.5 6
6 20080714_160212 7.9 3.7 7.0 3.5 ± 0.4 4.53E + 14 351.4 15.2 8
7 20081005_060405 15.3 4.2 3.2 4.1 ± 0.1 1.83E + 15 547.9 17.6 10
8 20081022_010035 8.3 3.8 3.9 3.8 ± 0.2 6.58E + 14 450.4 7.1 4
9 20090123_163450 14.9 3.7 5.6 3.6 ± 0.2 3.12E + 14 381.1 11.8 4
10 20090124_155838 16.5 4.1 5.3 4.1 ± 0.3 2.44E + 15 551.2 54.0 10
11 20090125_032652 14.5 3.5 6.4 3.5 ± 0.2 2.09E + 14 245.5 13.2 10
12 20090318_163337 10.9 3.7 3.6 3.7 ± 0.2 5.77E + 14 426.1 5.1 7
13 20090427_190306 18.3 3.9 4.9 4.2 ± 0.1 1.93E + 15 300.6 59.5 5
14 20090523_215700 10.8 3.8 3.0 3.9 ± 0.1 9.92E + 14 538.1 9.8 6
15 20090622_092911 5.8 3.7 3.4 3.8 ± 0.2 6.36E + 14 557.8 13.2 7
16 20090718_095952 6.7 3.6 4.6 3.7 ± 0.2 4.74E + 14 376.8 11.0 7
17 20090801_164238 10.0 4.3 4.7 3.9 ± 0.2 8.84E + 14 330.4 36.3 7
18 20091116_184722 13.7 3.6 6.3 3.2 ± 0.1 8.83E + 13 213.4 4.8 9
19 20100203_215755 9 3.5 8.3 3.6 ± 0.4 4.85E + 14 249.0 54.5 3
20 20100308_160711 2.8 3.5 5.6 3.6 ± 0.3 5.10E + 14 242.6 30.1 5
21 20100313_011921 16 3.6 8.0 3.4 ± 0.2 2.06E + 14 187.5 22.2 9
22 20101003_174903 11.8 4.3 3.8 4.2 ± 0.2 3.24E + 15 643.8 83.1 5
23 20101026_220940 10.2 3.5 6.3 3.4 ± 0.2 1.74E + 14 287.7 12.1 7
24 20110120_020937 11.7 4.1 5.5 3.9 ± 0.3 1.54E + 15 242.5 52.7 7
25 20110225_092009 6.9 3.8 7.8 3.5 ± 0.1 2.37E + 14 188.5 40.3 6
26 20110309_070403 9.4 4 4.7 3.9 ± 0.4 2.08E + 15 659.0 30.9 8
27 20110309_070612 3.0 3.7 4.8 3.6 ± 0.3 4.42E + 14 582.6 7.8 5
28 20110330_170720 7.9 4.3 3.7 4.2 ± 0.5 7.83E + 15 769.2 22.4 7
29 20110530_084230 13.1 3.6 6.0 3.3 ± 0.2 1.27E + 14 240.3 10.1 7
30 20110711_160912 6.5 4.6 3.4 4.2 ± 0.2 3.30E + 15 589.8 42.7 7
31 20110725_175720 17.0 5.2 1.55 5.0 ± 0.1 3.85E + 16 842.3 27.4 4
32 20110725_204352 7.2 3.5 2.5 3.7 ± 0.3 7.15E + 14 776.5 2.1 8
33 20110804_083519 2.0 3.5 5.3 3.5 ± 0.5 8.98E + 14 526.7 6.6 8
34 20110811_133711 4.8 3.6 9.5 3.7 ± 0.3 5.92E + 14 158.0 161.7 5
35 20110816_173006 5.4 4 4.0 4.0 ± 0.4 2.21E + 15 614.2 51.1 8
36 20111016_034225 7.0 3.8 6.4 3.6 ± 0.2 3.16E + 14 213.6 18.6 5
37 20120112_185231 7.1 3.5 6.6 3.5 ± 0.4 4.37E + 14 401.1 10.4 7
38 20120504_053813 12.0 4.3 2.6 4.2 ± 0.3 2.58E + 15 800.5 8.5 8
39 20120607_205425 14.9 5.1 0.6 5.3 ± 0.3 1.68E + 17 3875.9 6.0 9
40 20120808_130229 5.9 3.5 6.8 3.3 ± 0.2 1.29E + 14 205.2 13.8 5
41 20121026_033736 8.3 4 6.3 3.6 ± 0.2 3.99E + 14 298.4 34.5 7
42 20121027_023759 6.3 3.9 2.3 3.9 ± 0.3 1.13E + 14 1170.1 7.3 7
43 20130817_181630 5.5 4.2 3.3 4.2 ± 0.3 3.90E + 14 534.4 73.9 6
44 20130925_133944 7.5 3.5 8.0 3.2 ± 0.1 6.93E + 13 185.6 15.1 7
45 20131003_102607 13.8 3.7 4.0 3.7 ± 0.2 6.95E + 14 895.2 9.2 8
46 20131127_041337 10.8 4.8 1.8 5.0 ± 0.5 7.27E + 16 2067.4 1.06 8
47 20140511_050700 11.0 3.6 9.0 3.4 ± 0.3 2.43E + 14 157.2 35.9 9
48 20140601_211745 11.0 3.6 9.5 3.6 ± 0.3 3.40E + 14 183.8 57.5 8
49 20140703_050446 11.8 4.5 2.4 4.8 ± 0.5 2.22E + 16 910.0 39.0 8
50 20140803_104244 3.4 3.6 5.2 3.7 ± 0.3 5.75E + 14 894.2 26.2 7
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corner frequency ( fc) for all analyzed events is varying from 0.9
to 15.3 Hz for P wave and 0.6 to 9.5 for S wave. Figure 3 shows
dependence of corner frequency (fc) and stress drop on seismic
moment. Figure 3a indicates that the corner frequency decreases
with the increase of the seismic moment. As can be seen in
Figure 3a, fc(P) is larger than fc(S) and fc(P)/fc(S) ratio is 1.3
which is comparable to value of 1.5 was obtained by several
researchers (among others, Fletcher, 1980; Boatwright et al., 1991;
Abercrombie, 1995; Garcia et al., 2004; Prieto et al., 2004; Süle
and Weber, 2013; Ataeva et al., 2015). According to Sivaram et
al. (2013), lower fc(P)/fc(S) value may be due to nondouble-couple
source and/or specific take off angle of observation. They, also
concluded that scattering and insufficient sampling rate could
be resulted unsuccessful estimation of fc. Although the fc(P)/
fc(S) ratio that we found is close to the value in the literature,
these may be reason that why fc(P)/fc(S) ratio is relatively small. 

Seismic moments obtained from P waves (Mo(P)), range from
4.83e13 Nm to 4.21e16 Nm and, from S waves (Mo(S)), 1.51e13
Nm to 1.68e17 Nm. The average ratio is 1.06. Similar values have
been obtained for small earthquakes to Hungary as 0.97 by Süle

and Weber (2013), to Kumaon, Himalaya as 1.04 by Sivaram et
al. (2013), to India as 1.11 by Kumar et al. (2014) among others.
The source radii obtained from P waves range from 146 to 4486 m,
and from S waves range from 257 to 3876 m. The average ratio is
1.1. This value is also comparable to the studies that have done
by several researches (among others, Garcia et al., 2004; Sivaram
et al., 2013; Süle and Weber, 2013; Kumar et al., 2014; Ataeva et
al., 2015).

Static stress drop value is one of the important source parameters
which measures the stress decrease after an earthquake averaged
over the fault or rupture surface area. The calculated stress drop
values vary from 0.1 to 121 MPa for P wave (with a median of
2.9 MPa) and 0.4 to 136 MPa for S wave (event no 65 which
have 486 MPa was ignored in the analysis) (with a median of
17.8 MPa). Considering both P and S waves, median value was
calculated to be 9.8 MPa. Such a scattering in stress drop for
small events have been reported by several researchers (among
others, Jin et al., 2000; Allman and Shearer, 2009; Kumar et al.,
2015; Wu and Chapman, 2017). Allman and Shearer (2009)
estimates stress drop ranging from 0.3 to 50 MPa independent

Table 2. (continued)

Date h (km) ML fcS  (Hz) Mw Mo(S) rS (m) Δσ(S) (MPa) Number of Used Stations
51 20140803_222244 11.5 4.1 1.95 4.2 ± 0.4 4.36E + 15 881.1 4.3 6
52 20141216_090213 12.9 4.4 3.7 4.3 ± 0.3 4.29E + 15 902.2 39.2 6
53 20150123_101942 5.0 4.5 1.5 4.7 ± 0.4 1.71E + 16 1098.7 14.3 6
54 20150511_041627 8.1 3.9 4.1 3.9 ± 0.2 9.18E + 14 366.6 12.2 4
55 20150813_010128 9.4 3.8 6.1 3.7 ± 0.3 5.32E + 14 234.3 24.4 5
56 20150829_124752 10.1 3.6 6.3 3.5 ± 0.2 2.16E + 14 233.3 18.7 7
57 20151028_162002 14.3 4.5 2.3 4.6 ± 0.3 1.32E + 16 762.4 43.3 10
58 20151105_122936 13.5 3.8 5.3 3.9 ± 0.3 1.37E + 15 772.4 45.9 9
59 20151116_154543 12.6 4.2 4.0 4.2 ± 0.3 3.38E + 14 557.6 29.3 9
60 20151207_205751 10.3 3.7 5.3 3.7 ± 0.4 7.15E + 14 329.7 25.0 7
61 20160130_090314 9.8 3.5 5.4 3.6 ± 0.2 3.60E + 14 349.5 13.8 6
62 20160327_050354 14.7 3.7 6.5 3.6 ± 0.3 4.60E + 14 255.9 31.8 6
63 20160328_172346 15.5 3.7 8.3 3.5 ± 0.3 3.22E + 14 163.0 49.1 6
64 20160607_040945 15.8 4.6 5.1 4.5 ± 0.2 7.48E + 15 434.1 485.7 6
65 20160607_080215 13.5 3.5 6.7 3.6 ± 0.1 2.76E + 14 243.4 31.9 5
66 20160622_233559 7.6 3.6 3.2 4.1 ± 0.2 1.51E + 13 603.2 14.7 5
67 20160625_054011 9.3 4.5 2.5 4.5 ± 0.3 8.31E + 15 845.1 22.4 7
68 20160709_142051 9.5 3.6 4.0 3.9 ± 0.5 2.31E + 15 622.4 14.9 4
69 20160717_085541 11.4 4 2.8 4.0 ± 0.4 1.01E + 15 789.6 0.9 5
70 20160902_192457 9.0 3.7 5.7 3.6 ± 0.4 6.46E + 14 369.2 7.7 4
71 20161008_230246 5.5 3.7 5.7 3.8 ± 0.2 8.97E + 14 328.6 38.8 6
72 20170420_141121 6.4 4.3 1.7 4.5 ± 0.5 1.15E + 16 1434.6 8.8 7
73 20170722_221231 13.2 4.3 5.1 4.1 ± 0.3 2.95E + 15 409.9 119.1 5
74 20170725_152110 7.2 3.6 5.1 3.9 ± 0.3 1.10E + 15 320.3 75.9 6
75 20171231_201202 12.6 4.1 4.4 4.2 ± 0.2 3.10E + 15 520.0 136.0 8
76 20181130_023635 12.1 4.3 5.0 4.3 ± 0.2 3.31E + 15 367.5 169.3 9
77 20181204_123803 11.3 3.6 5.9 3.7 ± 0.3 5.61E + 14 278.8 23.8 6
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of moment for global earthquakes from MW 5.2 to 8.3. Oth et al.
(2010) found stress drop ranging from 0.1 to 100 MPa for crustal
events ranging from 2.7–8 in Japan. Wu and Chapman (2017)
analyzed 2011 Mineral Virginia Earthquake and its aftershocks
(MW ≥ 2.5) and found that the stress drops are varying between
0.02 and 67 MPa with a median of 3 MPa. Wu and Chapman
(2017) indicated that a smaller earthquake can rupture on just
high or low stress drop asperity and hence smaller events can
have larger variations in stress drop. The seismic moment and
the static stress drop relationship is also shown in Figure 3b. Even
though there is no clear dependence between the seismic moment
and the static stress drop, it can be observed from Figure 3c,
there is a turning point around magnitude 4. The stress drop
values for the events with the magnitudes smaller than 4 are
increasing with the magnitude (Fig. 3c). 

Several studies (among others, Jones and Helmberger, 1996;
Hardebeck and Hauksson, 1997; Bilek and Lay, 1998; Asano et
al., 2003; Allmann and Shearer, 2007, 2009; Hardebeck and
Aron, 2009; Candela et al., 2011; Huang et al., 2017; Wu et al.,
2018) have found a depth dependence of stress drop. The depth
dependence of stress drop in the shallow crust has been explained
by Allmann and Sherar (2007) due to S wave variation and Bilek

and Lay (1998) due to rigidity variation in a subduction slab.
Huang et al. (2017) explained that increase of effective normal
stress can cause depth dependence of stress drops. Allmann and
Shearer (2007) studied stress drop variations in small earthquakes
near Parkfield. California and indicated that they could not
resolved any increase of stress drop with depth. Parolai et al. (2007)
analyzed 523 aftershocks of 1999 Kocaeli earthquake and resulted
that the stress drop value show tendency of increasing with
aftershock magnitude. Allmann and Shearer (2007) also concluded
that depth dependence of stress drop is very sensitive to the
chosen velocity model. Wu and Chapman (2017) studied 2011
Mineral Virginia Earthquake and its aftershocks and indicated
that there is no depth dependence of stress drops. Wu et al. (2018)
analyzed four (4) induced earthquake sequences in Oklahoma,
USA and did not observed apparent depth dependence. 

The relationship with the depth dependence of the static stress
drop, the corner frequency and the seismic moment are shown
in Figures 4a, b, and c, respectively. As seen from the Figure 4a,
the static stress drop values show scattered behavior and we can
conclude that we did not find a clear depth dependence of the
stress drop values. Similar behavior is also seen for depth dependence
of the corner frequency (Fig. 4b). Even though there is no clear

Fig. 3. Relationship between (a) corner frequency and seismic moment and (b) stress drop and seismic moment determined from P (black
circles) and S (white circles) wave spectra. (c) The events with the magnitudes smaller than 4 (upper) and larger than 4 (lower).
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depth dependence but it seems that deeper events have lower
corner frequency values. The depth dependence of the seismic
moment is clearer than the stress drop and the corner frequency.
Figure 4c shows that deeper events have larger seismic moment
values.

Figure 5 shows seismic moment versus corner frequency for
the analyzed events. Lines of constant Brune stress drop are 0.1,
1, 10 ve 100 MPa. It is noticed that most of events appear to scale
self-similarly. However, a number of events have larger and smaller
stress drop values. The high stress drops for these events can
indicate high frictional strength and low strain-rate of the faults.
Similarly, the low values of the stress drop can indicate a general
weakness of the faults in the study area.

The magnitude saturation is an important problem for the
accurate identification of the earthquake magnitude. It is known

that moment magnitude is not saturated in different magnitude
definitions (Hanks and Kanamori, 1979) and therefore important
in seismic hazard calculations. Several authors have obtained
relations between local magnitude (ML) and MW for different
regions of the world (Uhrhammer et al., 1996). Therefore, it is
important to find such an empirical relationships relating MW.
The relationship between the moment magnitudes calculated
by P and S wave displacement spectrum and the local magnitude
scale defined by KOERI has been shown in Figure 6. But, some
scattering, especially in small magnitudes are observed in Figure
6. We can link the causes of this scattering to some negative effects
which are seen in local magnitude calculation. ML is calculated
by using Wood-Anderson (WA) seismograph or displacement
seismograms are simulated by Wood-Anderson seismograph
transfer function. But, there is a confusion about the amplification
of the Wood Anderson seismographs. Typical WA seismograph
had an amplification of 2.800 which KOERI uses this value (D.
Kalafat, personal communication). Uhrhammer and Collins
(1990) and Uhrhammer et al. (1996) have indicated that the
effective amplification of the typical WA seismograph is around
2.080 (Scordilis, 2006). On the other hand, natural period of the
WA is 1.25 Hz. But dominant frequency is shifting higher frequencies
than 1.25 Hz for smaller earthquakes. Also, if azimuthal distribution
is neglecting or not good enough, rupture effects such as directivity
also affected the wave amplitudes. Additionally, complexity of
source processes of analyzed earthquakes and site effects could
be effected on the wave amplitudes and therefore scattering.
These effects are leading to systematic errors in ML estimations
and could be an explanation for scattering in small magnitudes
in Figure 6. 

The least squares method is one of the most frequently used
methods in regression analysis. However, a least squares estimate
for regression models are highly sensitive to outliers which is a
case in magnitude scattering in this study. Therefore, we computed
different type of regressions analysis compared to determine the

Fig. 5. Seismic moment-corner frequency relationship for the ana-
lyzed events. Lines of constant indicate Brune stress drop 0.1, 1, 10
and 100 MPa.

Fig. 4. Depth dependence of (a) stress drop, (b) corner frequency, and (c) seismic moment determined from P (black circles) and S (white
circles) wave spectra.
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Fig. 7. Standard deviation values for all calculated MW(P,S).

Fig. 6. Comparison of orthogonal, standard and robusted least square regression analysis for determining MW-ML relationship. MWP indicates
MW magnitude obtained from P wave spectra and MWS indicates MW magnitude obtained from S wave spectra. R2 indicates correlation coef-
ficient.
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best one to use. We tried to test standard least-squares (minimizing
the square of the vertical offsets to the best-fit line), robusted
least-squares (attempt to dampen the influence of outlying cases
in order to provide a better fit to the majority of the data), and
orthogonal regression (minimizing the square of the perpendicular
offsets to the best-fit line). The R2 values obtained by the standard
least-square and the robusted least-square methods are very

close to each other. However, we preferred the largest R2 value has
been obtained from standard least-squares regression analysis
(Fig. 6) as the MW-ML relationship, 

MW = 1.4261(± 0.31) + 0.6399(± 0.08)ML (for P wave), (7)
MW = 0.0136(± 0.21) + 0.9883(± 0.05)ML (for S wave). (8)

Standard deviation for MW and Δσ all events are also given in

Fig. 8. Standard deviation values for all calculated stress drop (Δσ (P,S)).

Table 3. Comparison of calculated Mw in this study and Mw values announced by other agencies for the same earthquake

Event Number Earthquake Mw(P) (this study) Mw(S) (this study) Mw

5 10072008_074953 4.6 4.7 4.5 (KOERI)
4.7 (INGV)

10 24012009_155838 4.4 4.1 4.3 (KOERI)
4.0 (ERD)

13 27042009_190306 4.7 4.2 3.8 (ERD)
4.3 (KOERI)

30 11072011_160912 4.4 4.2 4.5 (ERD)

31 25072011_175720 4.5 5.0
4.9 (ERD)
4.9 (GFZ)

5.0 (KOERI)

39 06072012_205425 4.9 5.3

4.9 (ERD)
4.9 (GFZ)

4.9 (AUTH)
5.1 (KOERI)
5.1 (NOA)

52 16122014_090213 4.5 4.3 4.1 (ERD)
73 22072017_221232 3.1 4.1 3.9 (ERD)

76 30112018_023635 5.0 4.3 4.0 (KOERI)
4.0 (ERD)

ERD: Earthquake Research Department, Ankara; KOERI: Kandilli Observatory and Earthquake Research Institute, İstanbul; GFZ: GeoFor-
schunzg Zentrum, Germany; AUTH: Aristotle University of Thessaloniki, Greece; NOA; National Observatory of Athens, Greece; INGV: Isti-
tuto Nazionale Di Geofisica E Vulcanologia, Italy. 
Mw(P): Moment magnitude calculated from P wave spectra; Mw(S): Moment magnitude calculated from S wave spectra.
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Figures 7 and 8, respectively.
Table 3 shows the moment magnitude calculated in this study

and the moment magnitude determined by other seismological
agencies. It is seen that the calculated moment magnitudes are
mostly compatible (especially relationship obtained from S wave
spectra) with the magnitudes calculated by different agencies. 

Parolai et al. (2007) studied source parameters of the eastern
Marmara Region. They studied 523 aftershocks (0.5 < ML < 5.9)
of the 1999 Kocaeli earthquake and determined that the stress
drop values were changing between 0.002–40 MPa. Parolai et al.
(2007) suggested that the seismic moment range between 1.05e14
and 2.41e14 Nm. Köseoğlu et al. (2014) analyzed 174 events (2.5
< ML < 5.5) that occurred western part of Turkey including
Marmara region. Köseoğlu et al. (2014) reported that the seismic
moments are in range 1.28e14 to 1.66e14 Nm, stress drops on
the fault are in range 0.17 to 6476 MPa and corner frequencies
are 0.2 to 15 Hz, and the source sizes of the events are 0.0862 to
5.1042 km. This study covered whole Marmara region and our
results are comparable with the study of Parolai et al. (2007) and
Köseoğlu et al. (2014). 

5. CONCLUSIONS

In this study, we tried to understand the relationships between
the source parameters of 77 earthquakes with local magnitude
ranging from 3.5 to 5.2 occurring in the Marmara region. The
dynamic source parameters have been derived from P and S wave
spectra. Distance correction attenuation parameters for the low-
frequency amplitude and for the corner frequency have been
obtained, and the seismic moment, M0, moment magnitude,
MW, source radius, r, and stress drop, Δσ have been calculated. 

It is found that fc is dependent on seismic moment, fc decreases
with the increase of the seismic moment as expected. fc(P)/fc(S)
ratio is found 1.3. The obtaining seismic moment M0 and source
radius r, are varying between 4.83 × 1013 and 1.68 × 1017 Nm and
146–4486 m, respectively. The values of stress drop Δσ vary
between 0.1 and 136 MPa with a mean value of 9.8 MPa (98 bars).
The high stress drops for these events indicate high frictional
strength and low strain rate of the faults as well as the low value
of the stress drop indicate the general weakness of the faults in
the study area. There is no clear dependence between the seismic
moment and the static stress drop. However, there is a turning
point around magnitude 4, the stress drop values for the events
that magnitudes smaller than 4 (M < 4) are increasing with the
magnitude. Also, a clear depth dependence of the stress drop
values has not been observed. Similarly, depth dependence of
corner frequency has not been observed. The depth dependence
of the seismic moment is seen more clearly. Our results indicated
that the deeper events have larger seismic moment values in the

study area. In spite of scattering in small events, a linear relationship
between local magnitude (ML) and moment magnitude (MW)
could be obtained as MW = 1.4261(± 0.31) + 0.6399(± 0.08)ML
from P waves spectra and MW = 0.0136(± 0.21) + 0.9883(± 0.05)ML
from S wave spectra and calculated MW values are consistent
with waveform inversion (centroid moment tensor – CMT) results.
These relationships may be useful for seismic hazard studies in
the study area. 
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