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Abstract

The Sakarya prefecture is an interesting area with various seismicity types. This activity comes from earthquakes occurring
at the North Anatolian Fault Zone and from a few quarry blast areas in the region. These quarry blast recordings produce
errors in the determination of active faults and mapping of the microearthquake activity. Therefore, to recognize the
tectonic activity in the region, we need to be able to discriminate between earthquakes and quarry blasts in the catalogues.
In this study, a statistical analysis method (linear discriminant function) has been applied to classify seismic events
occurring in the Sakarya region. We used 110 seismic events that were recorded by Sakarya University Seismic Station
between 2012 and 2014. Time and frequency variant parameters, maximum S wave and maximum P wave amplitude ratio
(S/P), the spectral ratio (Sr), maximum frequency (fi,.x), and total signal duration of the waveform were used for
discrimination analyses. The maximum frequency (f;,.x) versus time duration of the seismic signal gives a higher clas-
sification percentage (94%) than the other discriminants. At the end of this study, 41 out of 110 events (44%) are

determined as quarry blasts, and 62 (56%) are considered as earthquakes.
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Introduction

The North Anatolian Fault Zone (NAFZ) is located at the
south of the Adapazari basin (Fig. 1) and is the main source
of the seismicity of the Sakarya region. A few quarry blast
areas were determined by field observations and satellite
images from the Google Earth program. Today, the quar-
ries operating at the Geyve and Akyazi, Tarakli and
Pamukova, and Ferizli and Sogiitlii districts (boxed areas in
Fig. 1) regularly contaminate the seismograms recorded by
Bogazici University Kandilli Observatory and Earthquake
Research Institute, Regional Earthquake-Tsunami Moni-
toring Center (KOERI-RETMC). We should not use
earthquake data together with explosions for risk analyses.
Therefore, the earthquake catalogues should be cleaned by
removing these quarry blast records. In recent years, quarry
blast events are discriminated automatically by KOERI.
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However, these events were not automatically discrimi-
nated by KOERI between 2012 and 2014 at the Sakarya
prefecture.

Various methods are used by researchers to classify
earthquakes and quarry blasts. Wiemer and Baer (2000),
Gulia (2010), and Kekovali et al. (2011) used daytime
hours to discriminate explosions from earthquakes. A large
number of studies have identified short period discrimina-
tions for particular regions. The most popular discriminator
is the S/P ratio (Baumgardt and Young 1990; Taylor et al.
1989; Wiister 1993; Horasan et al. 2009; Yilmaz et al.
2013). The spectral representation of some wave groups or
spectral ratios of seismic phases or spectrograms have been
used as discriminants for different seismic events (Hedlin
et al. 1989; Hedlin et al. 1990; Chernobay and Gabsatarova
1999; Koch and Fah 2002; Allmann et al. 2008; Dahy and
Hassib 2010; Hammer et al. 2013). Ataeva et al. (2017)
used the fo(P)/fo(S) corner frequencies ratio of the spectrum
as a discriminant for seismic events in Israel and Lebanon.
Their study indicated that the corner frequencies of quarry
blast events were lower than those of earthquakes.
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events (filled yellow-colored
circles) and seismic stations
(filled green-colored triangles)
between 2012 and 2014 in the
study area. Boxes show the sites
of quarries producing the main
quarry blast activity (I, Geyve
and Akyaz district; II, Tarakli 41°
and Pamukova district; III,
Ferizli and Sogiitlii district)
determined from satellite
images and field observations.
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In Switzerland, Hammer et al. (2013) automatically
classified seismic events according to a statistical classifier
called hidden Markov models. Another automatic classifi-
cation of seismic events was made by Kortstorm et al.
(2016) in Finland. These authors used a supervised pattern
recognition technique (SVM) for classification and
obtained a 6% false alarm rate. Kiszely and Gyori (2015)
made a waveform similarity analysis (based on correlation
analysis) to separate earthquakes and explosions at the
Vertes Hill in Hungary.

The earthquake and quarry blast events are produced by
different energy sources. Faults are formed by cracking of
the Earth’s crust by pairs of opposite forces, whereas the
quarry blasts are formed by equivalent forces applied in all
directions. The waveforms at different stations of an
earthquake that occurred on November 10, 2013, are shown
in Fig. 2. The first motion polarity of an earthquake can be
upward or downward because of the seismic stations
located at different azimuth degrees. Figure 3 shows the
seismic waveforms of the quarry blast at three stations. It
can be seen that the first motion polarity is always upward
at all stations, thus confirming the explosive nature of the
recorded event.

In this study, to distinguish between tectonic earth-
quakes and quarry blasts, we discriminated the events at
Sakarya prefecture, Turkey, in terms of time and frequency
domain analyses of digital seismograms. One of the main
problems occurring in seismic source classification is the
misclassification of the events. To prevent misclassification
of the events, we used direct P and S waves only at one
station instead of the whole network. The longer the dis-
tance of the station from epicenter, the more complex will
be the seismogram. So we reduced wave path and distance
effects using only one near station.
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Tectonics

The NAFZ is a well-known strike-slip fault on Earth.
The North Anatolian Fault separates into three fault
strands in the Marmara region (Fig. 4) (Barka and
Kadinsky-Cade 1988; Emre et al. 2013). The Northern
strand goes under the Sapanca-Cinarcik-Marmara Sea
and enters the Saros Gulf. The Middle strand follows the
Osmaneli-Gemlik-Bandirma-Bayramic line and contin-
ues on its way. The Southern strand goes through the
Geyve-Yenisehir-Bursa-Biga Peninsula line and enters
the North Aegean Sea. Thus, the active tectonics of the
Marmara region is controlled by the NAFZ. Global
Positioning System studies (Reilinger et al. 2006; Pon-
dard et al. 2007) suggest that the greatest slip rate
between the three strands is at the north branch, slipping
20 mm/year. For the Middle and South strands, the
calculated fault slip rates are 3 and 2 mm/year, respec-
tively. When these three strands reach a plate movement
of about 25 mm/year, there is a significant earthquake
hazard risk of the Marmara region. The most important
evidence of this earthquake hazard risk is the large and
continuous small earthquakes that took place during the
historical and instrumental seismicity period (Ambraseys
2001, 2009; Nalbant et al. 1998; Caputo et al. 2012).
Two strong earthquakes occurred in the Marmara region
on 1999: the August 17, Mw 7.5 Izmit earthquake, and
the November 12, Mw 7.2 Diizce earthquake. The Izmit
earthquake of August 17, 1999, occurred on the northern
strand of the North Anatolian Fault, and focal mecha-
nism solutions indicate pure right-lateral strike-slip
faulting (Giilen et al. 2002; Harvard CMT 2018). The
November 12, 1999, the Diizce earthquake occurred
nearly 3 months after the Izmit earthquake, and the focal
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mechanism solutions show predominantly right-lateral
strike-slip faulting with a small normal faulting com-
ponent (Tibi et al. 2001; Harvard CMT 2018). These two
destructive earthquakes caused huge economic losses
and casualties. For this reason, earthquake hazard studies
are important in the Marmara region.

Method and data analysis

One hundred ten seismic events that occurred in Sakarya
region were analyzed. Events were selected within 50 km
from Sakarya University (SAUV) seismic station. The
epicenter locations of the events were calculated by
KOERI-RETMC. The seismic event distributions are
shown in Fig. 1. We used events with magnitude (My)
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Fig. 4 The simple regional active tectonic map of Marmara region
and its surroundings. Earthquakes have occurred in the instrumental
period, indicated by stars [epicenters of earthquakes were obtained at
Kandilli Observatory and Earthquake Research Institute Regional
Earthquake—Tsunami Monitoring Center (KOERI-RETMC)]. Source

between 1.5 and 2.8 that occurred during 2012 and 2014.
Only four seismic events with 3.0< My < 4.0 have been
recorded in the period from 2012 to 2013: the first
(M= 4.0) on the July 7, 2012, at Kopriibagi-Adapazari; the
second (M= 3.8) on December 9, 2012, at Yayalar-Hen-
dek; the third (M= 3.4) on April 23, 2013, at Serdivan-
Adapazart; and the fourth (M= 3.2) on June 30, 2013, at
Akyazi-Sakarya. In this study, the SAUV seismic station’s
data were used for time and frequency domain analysis.
The SAUV seismic station was installed in 2012 and is
operated by Sakarya University and KOERI-RETMC. The
station of SAUV is a three-component broadband seismic
station whose sampling rate is 100 samples per second.

In this study, temporal distribution, waveform analyses,
and spectral analyses are performed for earthquake and
quarry blast data. In the temporal distribution of seismicity
as a function of hours of the day (Fig. 5), we observed a
high seismic activity between 12 a.m. and 4 p.m. GMT.
This histogram shows that the quarry blasts occur period-
ically in the daytime. Daytime and nighttime hours are
insufficient to classify earthquakes and quarry blasts in
these regions. Therefore, we used waveform and spectrum
information of the events for discrimination. Maximum
amplitude peak ratio, spectral amplitude ratio, maximum
frequency, and time duration of the seismic signal were
selected as discriminants for this study.

In the waveform analysis, we determined maximum P
wave and maximum S wave amplitude values from the
velocity seismograms of earthquakes and quarry blasts.
The vertical component of velocity seismogram of the
earthquake and the quarry blast is shown in Fig. 6a, b.
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mechanisms (red-white beach balls) of August 17, 1999, Izmit and
November 12, 1999, Diizce earthquakes were obtained from Harvard
CMT catalog. Faults were taken from Saroglu et al. (1992), Emre
et al. (2013), and Yaltirak et al. (2012). NAFZ: North Anatolian Fault
Zone, AB: Adapazar1 Basin
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Fig. 5 Time—frequency distribution of seismic events between 2012
and 2014 (filled circles in Fig. 1). Times in GMT

Then, we calculated the S/P maximum amplitude peak
ratio and plotted these values against the logarithm of
amplitude peak of S wave (log S).

In the spectral analysis, we used multiple parameters,
including the spectral amplitude ratio and maximum fre-
quency of the spectrum. The frequency contents of the
events that were used in this study are shown in Figs. 7a, b,
8, and 9. The amplitude spectra were calculated using the
fast Fourier transform (FFT) method. In the spectral anal-
ysis, the spectral ratio (Sr) versus the maximum frequency
(fmax) of the spectrum was plotted. Sr is the ratio of



Acta Geophysica (2018) 66:895-906

899

T I T I T I T T I T I T I T I T I T
1ol (a) Earthquake 20140911152337
L SAUV  BHZ i
o SEP 11 (254), 2014 |
g 15:23:37.300
_é} = -
E’ 0 R T P e
g 1 A
,5% -
< =10~ ]
s
! ]
> 15
T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T
(b) QuarryBlast 20130819133002
2 SAUV  BHZ -
AUG 19 (231), 2013
L 13:30:05.000
(0]
©
2
5 O
€
< L A
,2% -
-
&
e | 2
> 1 l 1 l 1 l 1 l 1 l 1 l 1 l 1 l 1 l 1’7
0 2 4 6 8 10 12 14 16 18 20
Time (s)

Fig. 6 The vertical components of the velocity seismograms with a time window length of 20 s for a an earthquake and, b a quarry blast recorded
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Fig. 7 Normalized amplitude spectra for a earthquake and b quarry
blasts recorded at SAUV

spectrum amplitudes a(f), which is the spectral amplitude
of the velocity of the ground motion (Gitterman and

Shapira 1993). Spectral amplitude ratio (Sr) is calculated in
Eq. (1).
hy b
sr= [ atyar/ [ atyar
I

hl

(1)

We determined high-frequency limit values (h;—h;) as
1020 Hz and low-frequency limit values (/;—l) as
1-10 Hz from the spectrum. Our observations and other
studies (Allmann et al. 2008; Hammer et al. 2013) show
that the earthquakes have a wider frequency bandwidth
than quarry blasts. Therefore, we decided to use maximum
frequency values of the spectrum as a variant parameter.

We also obtained spectrograms for each event using the
Seismic Analysis Code (SAC 2000) to gain more infor-
mation about the frequency (Figs. 8, 9). A spectrogram is a
visual way of representing the signal strength of a signal
over time at various frequencies present in a particular
waveform. The seismic signals in Figs. 8 and 9 show
strong energies associated with the arrivals of P and S
waves.

Next, we used both time and spectrum parameters for
the discrimination analysis. We plotted the maximum fre-
quency versus time duration of the seismic events on the
seismogram.

The seismic events were statistically analyzed using
amplitude peak ratio, spectral ratio, maximum frequency,
and time duration of the seismic events. Linear
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Fig. 8 Example of the spectrogram for an earthquake. The spectrogram is computed from the vertical component of the waveform. Purple, red,
and light green colors present high energy contents, whereas dark green and turquoise colors present low energy contents
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Fig. 9 Example of the spectrogram for a quarry blast. The spectrogram is computed from the vertical component of the waveform. Purple, red,
and light green colors present high energy contents, whereas dark green and turquoise colors present low energy contents

discriminant function (LDF) was used to discriminate dif- where a is a constant, by through by, are regression coef-

ferent events (Fisher 1936). . ficients, and x; is the standardized value of the x, dis-

In general, the LDFs can be demonstrated simply, as criminating variables. The interpretation of the results of a
below: two-group problem is straightforward and closely follows
Fipr = a+bixy +baxa + -+ + bnXm (2)  the logic of multiple regressions.
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In this study, statistical analysis was done with Statis-
tical Package for the Social Sciences (SPSS v21 2012)
software. This procedure estimates the coefficients, and the
resulting function can be used to classify different events.

Results

The presence of quarries in an active seismic zone might
cause misinterpretation of the distribution of microseis-
micity. Statistically, three criteria were used for discrimi-
nation analysis between quarry blasts and earthquakes at
Sakarya region, Turkey. The first criterion was obtained
from the plot of the amplitude peak ratio of the S to P wave
versus the logarithm of the S wave’s amplitude peak in the
time domain of the seismograms. The S/P amplitude ratios
and logS values are plotted in Fig. 10. We have discrimi-
nated earthquakes from quarry blasts using the linear dis-
crimination function (LDF) analysis. The discrimination
line was obtained using SPSS software. The S/P amplitude
ratios were generally larger for earthquakes than quarry
blasts, but observations showed a little scattering in
Fig. 10. We obtained a classification percentage of 91% for
the events group using this statistical method.

The second criterion was obtained from the plot of the
spectral ratio (Sr) versus the maximum frequency (fi,ax) of

Type
O earthquake
* quarry blast

Ratio

logS

Fig. 10 Plot of the amplitude peak ratio of S to P wave versus the
logarithm of the S wave’s amplitude peak (logS) of the vertical
component seismograms for the investigated seismic events that were
located in Sakarya. The discrimination line that separates the
earthquakes from the quarry blasts has been determined from the
linear discrimination function (LDF)

the spectrum. In Fig. 11 the spectral ratio is plotted against
the maximum frequency for the seismic events in Sakarya
region. According to these variables, we obtained a 93%
classification percentage.

As the third criterion, we used the spectral and wave-
form analysis parameters together. We plotted the maxi-
mum frequency (fi.x) versus the time duration of the
seismic signal on the seismogram in Fig. 12. By this
approach, the classification percentage is 94%. Table 1
shows the result of discriminant analysis between earth-
quakes and quarry blasts based on parameters presented in
Fig. 12.

In addition to the criteria mentioned above, the Rg
waves can be used for discriminant analysis of quarry
blasts. The Rg waves are often observed on the vertical
component seismograms of explosions or of very shallow
earthquakes. We identified Rg waves on the seismograms
of quarry blasts, and this was used as an observable dis-
criminant. A good example is shown in Fig. 13, collected
by the SAPNC Seismic Station.

In this study, we analyzed the P and S wave displace-
ment spectra for an earthquake and a quarry blast with
similar magnitude (Fig. 14). The analysis shows lower
corner frequencies (f.) of explosions than earthquakes for
the P and S wave.

4 Type
O earthquake
* quarry blast
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Fig. 11 The plot of the maximum frequency (f;,.x) versus the spectral
ratio (Sr) of the vertical component seismograms for the investigated
seismic events that were located in Sakarya. The discrimination line
that separates the earthquakes from the quarry blasts has been
determined from the linear discrimination function (LDF)
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Fig. 12 The plot of the maximum frequency (f;,.x) of the spectrum
versus the time duration of the vertical component seismograms for
the investigated seismic events that were located in Sakarya. The
discrimination line that separates the earthquakes from the quarry
blasts has been determined from the linear discrimination function
(LDF)

Discussion and conclusions

The time and frequency features of earthquake and quarry
blast signals are different. The vertical component of
velocity seismogram of earthquakes and quarry blasts
recorded at Sakarya region is shown in Fig. 6a, b. The P

Fig. 13 An example of Rg phase on a quarry blast seismogram
recorded at the SPNC station. Seismic event located in the boxed area
Il in Fig. 1

wave amplitude relative to S wave amplitude in the vertical
component seismogram is dominant for the quarry blasts,
whereas earthquakes have a much larger S wave amplitude
because quarry blast sources do not produce S waves.
The frequency contents of the events that were used in
this study are shown in Figs. 7a, b, 8, and 9. In both the
spectrum and spectrogram, earthquakes have a wider fre-
quency content than quarry blasts. Hammer et al. (2013)
and Allmann et al. (2008) have shown that the seismo-
grams of quarry blasts are poorer in the high frequencies
than corresponding earthquakes in their investigated data
set. For economic and safety reasons, the quarry blasts
often consist of several delayed blasts. This is called ripple
firing or delayed shooting. The multiple explosions mod-
ulate the spectrum of the signal. Hedlin et al. (1989) and
Kim et al. (1994) used this property to discriminate
between ripple-fired quarry blasts and earthquakes. As seen
in the spectrogram of the SAUV, record in Fig. 9 has

Table 1 The results of the

discriminant analysis methods Criterion Type Predicted group membership Total
between the earthquakes and the Earthquake (E) Quarry blast (QB)
quarry blasts in Sakarya region
(Fig. 1), which were based on 1 Original count E 56 8 64
the parameters presented in QB 2 44 46
Figs. 10, 11, and 12
% E 87.5 12.5 100
QB 43 95.7 100
2 Original count E 59 5 64
QB 3 43 46
% E 922 7.8 100
QB 6.5 93.5 100
3 Original count E 62 2 64
QB 5 41 46
% E 96.9 3.1 100
QB 10.9 89.1 100
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Of the original grouped cases, 91, 93, and 94% were correctly classified at the Sakarya region for three
criteria, respectively. Criteria: 1 (S/P amplitude ratio versus logS), 2 (spectral ratio (Sr) versus the maxi-
mum frequency (finax), 3 (maximum frequency (fiax) versus the time duration of the seismic signal)
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modulation with a minimum around 7-8 Hz. Although we
have two peaks in this case, it can be more than two. In this
study, this property was also used for discrimination of
quarry blasts from earthquakes. In Fig. 8, the spectrogram
of the earthquake record shows a strong S wave amplitude
at low frequencies (about 10 Hz), whereas the P wave

amplitude is between 15 and 28 Hz and significantly
smaller than the S wave amplitude.

In this study, we used time and frequency domain
parameters for discrimination analysis between quarry
blasts and earthquakes at Sakarya region, Turkey. In the
waveform analysis, the S/P maximum amplitude peak ratio
and the log S were calculated for the events. The S/P values
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are plotted versus the logS values of the events in Fig. 10.
The discrimination line is obtained using SPSS software.
SPSS counts how many events within each group are
correctly classified and how many are misclassified. The
S/P amplitude ratios were generally larger for earthquakes
than blasts, but observations show a little scattering. The
distribution of the amplitude ratios shows overlap between
0.65 and 1.9 in Fig. 10. Some observations in the past
showed an overlap in the earthquake and explosion data for
some countries (Taylor et al. 1989). Another group of
researchers obtained good results for the distribution of the
amplitude ratios of the different phases (Bennett and
Murphy 1986; Horasan et al. 2009; Ogiitcii et al. 2011).
The accuracy of the results depends on the geological
features and source type in different regions (Zeiler and
Velasco 2009). In this study, we obtained a classification
percentage of 91% for the events group using the statistical
method.

In the spectral analysis, the spectral ratio (Sr) and the
maximum frequency (fi,.x) values were used as the dis-
criminant parameters. In Fig. 11, the spectral ratio is
plotted versus the maximum frequency for the seismic
events in Sakarya region. The two frequency bands for Sr
were selected as high (h;—h,; 10-20 Hz) and low (/1—L;
1-10 Hz) frequency bands. When we look at Fig. 11, we
see that the frequency content of the earthquakes has a
wider bandwidth than the quarry blasts. This property is
also detected in Figs. 7a, b, 8 and 9. As seen in Fig. 11, the
earthquakes and quarry blasts show little overlap.
According to these variables, we obtained a 93% classifi-
cation percentage using SPSS software.

As the third method, we used the spectral and waveform
analysis parameters together. For these calculations, we
plotted the maximum frequency (fn.x) versus the time

Fig. 15 Location map of 29°

Table 2 Comparison of the accuracy of criteria

Criterion Number of total Number of total Total
correctly classified misclassified accuracy
events events (%)

100 10 91
102 8 93
103 7 94

duration of the seismic signal on the seismogram (Fig. 12).
The earthquakes should have a longer duration than
explosions because of the spatial and temporal dimension.
According to the variables in Fig. 12, the classification
percentage is 94% for seismic events. These statistical
values are given in Table 1 for three criteria. In the first
criterion in Table 1, 56 earthquakes out of 64 are classified
correctly and 8 earthquakes are misclassified as quarry
blasts, whereas 44 quarry blasts are classified correctly and
2 quarry blasts are misclassified as earthquakes. In the
second criterion, 59 earthquakes out of 64 earthquakes are
classified correctly and 5 earthquakes are misclassified as
quarry blasts, whereas 43 quarry blasts are classified cor-
rectly and 3 quarry blasts are misclassified as earthquakes.
In the third criterion in Table 1, 62 earthquakes out of 64
earthquakes are classified correctly and 2 earthquakes are
misclassified as quarry blasts, whereas 41 quarry blasts are
classified correctly and 5 quarry blasts are misclassified as
earthquakes.

The number of total misclassified and correctly classi-
fied events and total accuracy of the analysis are shown in
Table 2. For our case we can say that the third criterion
(maximum frequency (fi,.x) versus the time duration of the
seismic signal) is the best of all three.

30° 31°

earthquakes (filled yellow-
colored circles), quarry blasts
(filled red-colored stars), and
broadband stations (filled green-
colored triangles) of Bogazigi
University Kandilli Observatory
and Earthquake Research
Institute, Regional Earthquake— 41°
Tsunami Monitoring Center
(KOERI-RETMC). Boxes show
the sites of quarries producing
main quarry blast activity (I,
Geyve and Akyazi district; II,
Tarakli and Pamukova district;
I, Ferizli and Sogiitli district)
determined from satellite data
and field observations. NAFZ,
North Anatolian Fault Zone
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As a result of our statistical analyses, the percentage of
the blast and the earthquake classifications are 44 and 56%,
respectively. The quarry blast and earthquake locations are
shown in Fig. 15 (star: quarry blast, circle: earthquake)
after discrimination analysis. This classification will help to
determine the real seismicity of the region for future tec-
tonic studies and seismic risk analysis.
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