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ABSTRACT

Western Anatolia is one of the most seismically active regions in Turkey. The high seismic activity
is a result of a complex tectonic deformation dominated by the N-S extensional tectonic regime in
Western Anatolia. This tectonic deformation is also a result of the relative movement of the African-
Arabian plates towards the north, which causes the Anatolian plate to shift 2.5 cm per year towards
W-SW. One of the largest fault zones in the Western Anatolia, Sultandagi Fault Zone (SFZ) has
a northwest-southeast trend. SFZ, approximately 120 km long, is an important tectonic structure,
which produced three major earthquakes (Mw> 6.0) between the years of 2000 -2002. Therefore, the
most significant goals of this study were to monitor the micro-earthquakes along SFZ, to enrich the
current seismic network and to increase the earthquake detection threshold in the region (Mc <2.5).
Within the scope of the study, 3 digital broadband earthquake stations were installed in the region.
The analysis of the data obtained in the research indicated that the central and western parts of SFZ
are active and there is intense seismic activity especially in the vicinity of Sultandagi, Cay, Cobanlar,
and Afyonkarahisar. Fault plane solutions revealed that the earthquakes in the region generally occur
with normal faulting with oblique components. Seismic stations installed within the scope of the
Received Date: 05.12.2019  study contributed positively to the increase of the sensitivity (Mc = 1.3) of the earthquake detection
Accepted Date: 13.04.2020 threshold (Mc) in the region and increased the detection capacity.
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1. Introduction The last two earthquakes occurred consecutively
on the Sultandag: Fault Zone (SFZ) on the same day,
and the main shocks were followed by extensive
aftershock activity. In this context, seismic activity
in the form of an earthquake series in the region in
recent years has revealed that the faults around the
northwestern end of SFZ, especially the ones around

Cay-Sultandagi-Afyonkarahisar, are each an active

Sultandagi Fault Zone (SFZ) is one of the most
important tectonic structures in Western Anatolia
and has produced 3 important earthquakes in the last
two decades (Figure 1). Between the years 2000 and
2002, 3 major earthquakes (Mw> 6.0) occurred on the

Sultandagi Fault Zone, also called as Afyon-Aksehir
Graben. The first earthquake (Eber-Sultandag:
earthquake Mw = 6.0) occurred in 2000, followed
by the Sultandagit (Mw 6.5) and Cay-Sultandagi
earthquakes (Mw = 6.0) on February 3, 2002.

fault segment that can be considered within this
fault zone. NW-SE and NE-SW trending faults play
an important role in the tectonic development of the
region. This makes it necessary to monitor regularly
and precisely both the micro-earthquake activity and
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Figure 1- Study Area (Sultandagi Faut Zone), active fault zones and major tectonic plates across and in the vicinity of Turkey (active faults
were taken from Emre et al., 2013; the figure was drawn using the GMT software; topography data was obtained from NASA-

SRTM).

the recent earthquake activity which continues as
series of earthquakes. The fact that the seismic stations
in the region were not sufficient before the study, and,
therefore, that the current seismic activity could not
be followed properly made up the key motivational
elements for the necessity to conduct a study in the
region.

Therefore, monitoring the micro-earthquakes
along SFZ, enriching the current seismic network and
increasing the earthquake detection threshold in the
region (Mc <2.5) were the most important goals of
this study.

2. General Geological Structure and Seismicity

The region is under the influence of the extension
regime which is dominant in Western Anatolia, and
earthquake activity occurs as a result of this extension
regime. However, this region, known as Turkish
Lake District or Isparta Bend, where the Central and
Western Taurus Mountains meet, contains different
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rock groups in terms of stratigraphic and structural
features. Therefore, there are two basic views
regarding the neotectonic regime of the region. The
first one is that it is a compression regime, which is
suggested by various researchers (Boray et al., 1985;
Barka et al., 1995; Uysal, 1995; Altunel et al., 1999).
In the second one, it is argued that no compression
tectonic regime has occured in Isparta Bending after
the early Messinian (upper Miocene) compression
deformation phase, and that the neotectonic regime in
Isparta Bending is extensional (Kogyigit, 1996; Glover
and Robertson, 1998; Kogyigit and Ozacar, 2003).

Turkish Lake District is roughly bordered by
Denizli, Fethiye, Antalya, Alanya, Akseki, Ahirli,
Seydisehir, Beysehir, Afyon, Sandikli and Civril. This
section generally consists of many blocks of different
sizes which are located between NE-SW, NW-SE and
N-W trending dip-slip normal faults (Figure 2). Some
of them represent depression and some represent
elevation areas. Compression stress concentrating in
different directions along the edges of the Anatolian-
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Figure 2 - Active tectonic elements in the region (taken from Kogyigit, 2008; Aksehir-Simav Fault System, Dinar-Acig6l-Burdur-Civril
Grabens: Normal Faults; Lake Salt FZ, Inénii Eskisehir FS, Middle Anatolian FS: Strike-Slip faults and between both systems are

thrust fault).

Aegean plates was released in the form of tensional
stress also in different directions in the inner shell,
which led to the formation of the faults mentioned
above (Kogyigit, 1984; Sengor et al., 1985; Seyitoglu
and Scott, 1996; Kaya et al., 2014).

Turkish Lake District was significantly fragmented
by dip-slip normal faults that had developed before
the Neogene period and remained active throughout
it (Kogyigit, 2008; Ozgiil et al., 1991). It is also
claimed that the region is dominated by a compression
system that causes large thrust and lateral strike-slip
movements (Boray et al., 1985; Barka et al., 1995;
Uysal, 1995). However, it is considered that local
releases and, accordingly, pull-apart basins may have
developed in this compression system (Kogyigit, 1984,
1996; Kogyigit et al., 2000). Turkish Lake District,
which has been controlled by block faultings (normal)
since the late middle Oligocene, continues its tectonic
activity under the control of normal block faulting
(grabens), especially in the vicinity of Burdur-Dinar-
Afyon-Aksehir (Kogyigit, 2008; Kogyigit and Ozacar,
2003). Therefore, geological and geomorphological
findings indicate Holocene activity along the
Sultandagi Fault Zone (Atalay, 1975; Saroglu et al.,
1987, 1992; Ogdiim et al., 1991; Kogyigit et al., 2000).

The February 3, 2002 Earthquakes occurred at SFZ
as a result of this tectonic activity (Kalafat and Oz,
2001; Emre et al., 2003). Blumenthal, 1963 described
the Sultandagi Fault as a large normal fault at the top
of Isparta Bend. This region is the southeastern part of
the extensional tectonics of western Anatolia (Emre et
al., 2003).

It is quite intense in terms of earthquake activity
and significant earthquakes in the last century are
listed below (Table 1).

The recent earthquakes in the region reveal that
NW-SE and NE-SW trending faults cause the current
seismic activity. It was mentioned in the Turkish
Active Fault Map (Emre et al., 2013) published by
the MTA in 2003 that the 2002 earthquake occurred
on the Cay segment (Table 1, Event 9), defined as
Afyon-Aksehir Graben, with an extension to the
northwest. The previous earthquake happened on this
fault system on 15 December, 2000 (Figure 3). The
fault system causing earthquakes has been defined as
Sultandagi fault zone by various researchers (Kalafat
and Oz, 2001; Kalafat et al., 2002, 2003; Emre et al.,
2002; Ulusay et al., 2002).
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Table 1- Major Earthquakes in the region (1900-2002).

Date Time Lat. Lon Intensity Mag. Event
(D/M/Y) (h/m) N°) (E°) (Io-MSK) ™M) Location No.
03.10.1914 22:07 38.00 30.00 IX 6.9 Burdur 1
07.08.1925 06:46 37.40 30.50 VIII 59 Dinar-Afyon 2
19.07.1933 20:07 38.20 29.80 VIII 5.7 Civril- Denizli 3
22.11.1963 20:26 37.20 29.70 vl 5.1 Tefenni-Burdur 4
12.05.1971 06:25 37.60 29.72 VIII 5.9 Burdur 5
29.07.1978 04:34 37.57 30.02 VII 5.0 Burdur 6
01.10.1995 15:57 38.11 30.05 VIII 6.1 Dinar-Afyon 7
15.12.2000 16:44 38.63 31.19 VII 5.8 Sultandagi-Afyon 8
03.02.2002 07:11 38.58 31.25 VII 6.4 Sultandagi-Afyon 9
03.02.2002 09:26 38.68 30.38 VII 5.6 Sultandagi- Afyon 10

Source: Eyidogan et al., 1991; Kalafat, 1996; Kalafat et al., 2000.

__ *AFYONKARAHISAR -

Figure 3- Distribution of the outer centers of the 2000 and 2002 Earthquakes [Active faults were taken from Emre et al., 2013; (The figure
was drawn with the GMT software; the topography data is from NASA-SRTM)].

Land observations showed that, in the 2002
earthquakes, the WNW-ESE trending fault had
damaged and affected the villages and towns located
in this direction, especially to the S-SW of Eber
Lake. Maltepe, Cobanlar and nearby villages of
Cay and Sultandag: districts are the most affected
settlements (Figure 4). The surface ruptures caused
by the earthquake were observed to the SW of Eber,
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and generally between Cay and Maltepe Villages. The
general direction of the surface rupture is N 80° W.
The surface rupture is divided into two as Maltepe and
Cay fault segments (Kalafat et al., 2002; Kalafat and
Gorgiin, 2017; figure 4).

The general direction of the fractures dominantly
varies as EW, NE-SW / NW-SE. Vertical strike ranges
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Figure 4- Locations of the surface ruptures and deformations (circles show the locations of the surface ruptures).

between 25 and 35 cm. The downthrown block is
towards N-NE and the surface rupture resulting from
the earthquake is approximately 18.5 (= 1.5) km
(Kalafat et al., 2002; figure 5).

Various researchers supported these results, stating
that the 2002 earthquakes caused a 26-km-surface
rupture with a vertical displacement of up to 30 cm
between Cay and Sultandagi and to the west of Cay
(Emre et al., 2003; Akyliz et al., 2006). Emre et al
(2003) stated that the rupture was 20 km long with

Figure 5- An example of surface ruptures observed in the field
(Yaka district of Cay town; Kalafat et al., 2002).

a generally east-west trend and consisted of three
distinct sections separated from each other, and that,
during the earthquake, two conjugate normal surface
faultings, called as Cay and Kali Cayi1 segments
respectively, occurred.

The earthquake (Mw = 6.0) that occurred at 11:26
am, 2 hours after the main shock, was considered to be
an earthquake and rupture which was triggered by the
main shock (Kalafat et al., 2002). It hit the western part
of Sultandag fault, the area between Cay, Isiklar, and
Cobanlar. Fault solutions revealed that earthquakes
in the region generally occurred with oblique vertical
strike normal faultings (Kalafat and Oz, 2001; Kalafat
et al., 2002; Li et al., 2002; Kalafat and Gorgiin, 2017;
figure 6, table 2).

The 3 February 2002 Sultandagi Earthquakes
(Table 2, No=2-4) revealed that the earthquake activity
continues in the region today under the influence
of the extension regime. The extension regime is
released by the formation of normal faults, which
causes deformation and expansion. The Sultandag:
earthquakes occurred as a result of the breaking of
Sultandag1 / Cay-Maltepe segments in the Sultandagi-
Aksehir Fault system, stretching in a major E-W, NW-

191



Bull. Min. Res. Exp. (2020) 163: 187-210

Table 2- Fault Plane Solutions of important earthquakes in the region (1995-2019).

Eq. Date Time Lat. | Lon. | Depth. | Mag. FAULT PARAMETERS
No. | G/AY | UTC | Deg |Deg.| Km | Mw |Strike®) | Dip | Rake REGION Source
Azimuth | Angle | Angle
1 01.10.1995 15:57 38.06 | 29.68 15 6.4 310 60 -88 | Dinar-Afyonkarahisar HRV
2 15.12.2000 16:44 38.4 | 31.35 15 6 118 49 -81 | Sultandagi-Afyonkarahisar | HRV
3 03.02.2002 07:11 38.62 | 31.21 15 6.5 66 55 -104 | Sultandagi-Afyonkarahisar | HRV
4 03.02.2002 09:26 38.23 | 30.56 15 5.8 15 53 -118 | Senirkent-Tatarli-Isparta HRV
5 03.02.2002 11:40 38.52 | 31.22 15 53 229 50 -108 | Sultandagi-Afyonkarahisar| HRV
6 13.05.2002 11:42 38.59 | 31.12 5 43 288 88 -129 | Eber-Cay-Afyonkarahisar DK
7 26.06.2002 | 21:31 38.66 | 31.18 10 4.2 136 60 -105 | Bolvadin-Afyonkarahisar DK
8 05.08.2002 04:57 38.68 | 31.2 5 43 282 50 -113 | Bolvadin-Afyonkarahisar DK
9 03.07.2004 | 20:29 38.5 | 31.33 13 4.5 255 70 -85 | Sultandagi-Afyonkarahisar | DK
10 08.08.2004 15:30 38.7 | 31.35 7 3.8 294 46 -116 | Sultandagi-Afyonkarahisar| DK
1 07.09.2004 18:05 38.69 | 31.2 10 4.5 313 78 -32 | Bolvadin-Afyonkarahisar DK
12 16.09.2004 |  05:07 38.69 | 31.19 10 43 265 45 -65 | Bolvadin-Afyonkarahisar DK
13 08.11.2004 | 21:17 38.67 | 30.92 6 4.2 273 77 -76 | Cay-Afyonkarahisar DK
14 15.05.2005 10:54 38.61 | 30.78 6 4.2 296 43 -122 | Cobanlar-Afyonkarahisar DK
15 08.11.2006 12:09 38.59 | 30.75 10 33 334 33 -91 | Kizildag-Afyonkarahisar DK
16 19.04.2007 13:21 38.58 [ 31.24 6 4 300 65 -60 | Sultandagi-Afyonkarahisar | DK
17 06.05.2007 19:55 38.66 | 30.86 13 33 304 77 -39 | Cay-Afyonkarahisar DK
18 18.01.2009 19:39 38.81| 314 15 3.5 218 74 -102 | Emirdag-Afyonkarahisar DK
19 15.09.2009 |  09:54 38.71 | 31.28 7 3.5 230 35 -106 | Bolvadin-Afyonkarahisar DK
20 21.12.2009 | 21:09 38.68 | 31.21 10 3.7 225 32 -87 | Bolvadin-Afyonkarahisar DK
21 07.09.2013 |  23:59 38.45 | 30.63 16 3.9 300.2 364 | -41.5 | Suhut-Afyonkarahisar DK
22 28.11.2015 03:23 38.98 | 31.23 20 3.5 340 78 -89 | Emirdag-Afyonkarahisar DK
23 18.10.2016 |  20:33 38.69 | 31.04 7 3.5 260 42 -74 | Bolvadin-Afyonkarahisar DK
24 18.10.2016 | 22:54 38.69 | 31.04 9 4.1 307 56 -32 | Bolvadin-Afyonkarahisar DK
25 08.08.2019 20:50 37.85 [ 29.75 16 3.6 220 66 -129 | Dazkiri-Afyonkarahisar DK

Source: HRV, Harvard CMT Solutions; DK, Kalafat, 2018a, b.

SE / NE-SW direction. This segment is the part of the
main fault system which passes near Sultandagi-Cay.
Field observations support that an approximately 20
km-break occurred due to this earthquake (Kalafat et
al., 2002). Emre et al. found out the following similar
results in 2003: the Cay segment is the primary surface
faulting caused by the earthquake; it is 20 km long
and generally in the east-southwest / west-northwest
trending between Maltepe and Pinarkaya villages;
Kali Stream segment consists of scattered faults in
the northeast-southwest region which runs 6 km long
along the edge north of the Kali Stream graben.
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The distribution of aftershocks is towards western
and northwestern parts of the Sultandagi fault zone
and they are generally shallow earthquakes about 10
km depth (Figure 7). The available data support that
the energy released as a result of the earthquake move
ESE-WNW and NE-SW.

3. Current Data Analysis

The lack of seismic stations in the region and
inadequacy of broadband stations in particular have
been the most important motivation for the study
(Table 3). Though limited, studies were initiated in
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Figure 6- Faulting mechanisms of the earthquakes occurring in the region [of the 25 solutions in the figure, 21 give normal faulting,
4 of them (6, 11, 17 and 23 numbered earthquakes) oblique faulting; active faults were taken from Emre et al., 2013].
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Figure 7- Earthquake activity of the region after the 2000-2002 earthquakes (All of the earthquake focal depths are approximately
10 km. are around and all earthquakes occurred in the shallow depth in the crust; active faults were taken from Emre et
al., 2013).
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November, 2016. First of all, the locations of 3 new
seismic stations were determined. As the 3 major
earthquakes (Mw = 6.0-6.5) between 2000 and 2002
occurred in the W-NW segment of the Sultandag:
fault zone, this particular segment was selected as the
location of the stations (Figure 8). While choosing the
location, criteria such as safety, ground properties,
noise level, logistics were taken into consideration.

Table 3- The stations installed in the region.

Station | Station | Station Coordinates Sensor | Frequency

Name Code | (deg.) Type

Kogbeyli | KOCB |38.439513K - Guralp | 100 Hz
30.917470 D 6-TD

Kirca KIRC |38.509946 K - Guralp | 100 Hz
31.232061 D 6-TD

Tasagil | TASA |[38.794600 K - Guralp | 100 Hz
31.095050 D 6-TD

Data analyses were done in different time periods.
The data obtained from each field study were evaluated.
The 1**and 2™ Period data sets cover from 18 July
2017 until 27 March 2018. During this period, both
the calculations of the data obtained from the stations

W
»
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Figure 8- The locations of the stations installed within the scope of the study and operated by KOERI and AFAD in the region.

installed within the scope of the study and the data
obtained from the fixed earthquake station network
operated by the Kandilli Observatory and Earthquake
Research Institute (KOERI) were compared, and
the parameters of the common earthquakes were
recalculated. In addition, only the data obtained
from the stations which had been installed within the
scope of the study were evaluated. When analyzed
statistically, the number of 139 events recorded by the
KOERI Seismic network during this period (natural
earthquakes due to tectonics + unnatural blasting
events). The number of 496 events obtained from the
stations installed within the scope of the study (Figure
9a, b). The data set obtained in the study is 3.57 times
more than the seismic data of KOERI. Therefore,
the stations installed within the scope of the study
contributed significantly to the seismic monitoring of
the region.

Data Set within the Scope of Study: 1st Period of
Field Work (17-19 July 2017)

Data Set Date Range: 18 July 2017 (14:23 GMT) -
16 November 2017 (07:13 GMT)

A rroECTBB

Y o
*KOERI BB
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Figure 9- a) Distribution of events recorded by KOERI in the region during the 1st and 2nd periods in which data analysis was conducted (135
events) and b) distribution of events recorded by the stations installed within the scope of the study in the region during the 1st and
2nd periods in which data analysis was conducted (496 events), and light color circle indicates the blast area.

Data Range Coordinates Kandilli Catalog: KOERI
37.5-39.5 ° N Latitude 30.0-32.0 ° E Longitude

KOERI Total Number of Data: 71 (Earthquake and
Blasting)

Data Set within the Scope of Study: 2nd Period of
Field Work (25-27 March 2018)

Data Set Date Range: 15 November 2017 (10:15
GMT) - 27 March 2018 (07:00 GMT)

Data Range Coordinates Kandilli Catalog: KOERI
37.5-39.5 ° N Latitude 30.0-32.0 ° E Longitude

KOERI Total Number of Data: 68 (Earthquake and
Blasting)

The stations installed within the scope of the study
also contributed very positively to the determination
of the epicenters of earthquakes whose solutions
were obtained by KOERI. The parameters of the
common earthquakes recorded by KOERI and the

Afyonkarahisar City Cef iter

.
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Figure 10- An example which shows how the epicenters of the two different events whose solutions were obtained by KOERI and the stations

installed within the scope of the study have changed.
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stations installed within the scope of the study were
recalculated (Figure 9b). As a result, it was discovered
that the epicenters of the earthquakes changed
approximately + 0.8-6 km in average (Figure 10). In
addition, the study revealed positive changes in the
depth distributions of the earthquakes. As a result,
the horizontal and vertical error margins of the events
in the region have been reduced thanks to the newly
installed stations. The evaluation of the data obtained
within the scope of the study indicated that the

middle and northwest part of the Sultandagi-Aksehir
fault zone has intense seismic activity. In addition,
a significant NW-SE trending seismic activity was
determined to the north of Isparta (province).

Figure 11a and 11b shows the distributions and
numbers of the earthquakes the data sets obtained by
KOERI (a) and within in the study (b) in the same
period. It is clearly seen in figure 11a,b that the number
of the earthquakes in the data set obtained within the
study is much higher.
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Figure 11- a) KOERI data set b) distribution of the number of the earthquakes in the data set obtained within the study.
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Figure 12- (a) KOERI data set (Mc = 1.7), (b) study data set (Mc = 1.3).
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In the figures below (Figure 12a, b), the lowest
magnitude threshold in the KOERI dataset (a) is Mc
= 1.7; the lowest magnitude threshold in the data set
obtained within the study (b) is Mc = 1.3. This means
that the detection capacity of the fixed seismic network
available in the region of KOERI is low (Mc = 1.7),
and the seismic stations installed within the scope of
the study contributed to the increase of the earthquake
detection threshold (Mc) sensitivity in the region (Mc
= 1.3) and increased the detection capacity, revealed
that the seismic activity of the region was tracked
more precisely.

In the region, especially in some areas, very small
events occurring during the day were recorded. During
the analysis of the data recorded in the field study, it
was concluded that some intense micro-earthquake
activity in the study area might have occurred due
to the blasts, and therefore some locations where
the events took place were detected during the field
study. During these visits, we found out that a huge

hydroelectric power plant and, therefore, a dam were
being constructed in the area, and that quarry blasts
were carried out to supply material in the region.
Then, we visited some coordinates present in our
records during the data analysis and observed the
blasts in these areas (Figure 13).

It was observed that the blasts generally took place
at 12:00-13:30/18:00-19:30 LT during the day and this
data matches with the seismic records. Therefore, it
was also statistically clear that the quarry blasts were
carried out at certain time intervals during the day.
The magnitude range of the blasts varies between
M= 0.7-2.5. In the histogram below, the lower part
of the red line shows the average number of events
that could occur during the day, while the upper part
of the red line indicates the number of blasts in the
region. Therefore, the hours that display anomalies in
the number of earthquakes during the day generally
reflect the blasts (Figures 14, 15).

Figure 13 - Blast locations conducted for the embankment of Cay Dam.
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Figure 14- Hourly change of the events and blasts in the region
during the day (GMT).

The third data set analysis covers the period
between 20 March 2018 and 15 March 2019. During
this period, both the calculations of the data obtained
from the stations installed within the scope of the study
and the data obtained from the fixed earthquake station
network operated by KOERI were compared, and
earthquake parameters (coordinates, depth, magnitude,
RMS root mean square residual, ERH horizontal error,
and ERZ vertical error) of the common earthquakes
were recalculated. This study evaluated only the data

Y e
@ Quarry blast
: cluster

0

v i

Figure 15- Blasting cluster analyzed within the scope of the study
(south of Cay district, dam construction area).

obtained from the stations which had been installed
within the scope of the study. The statistics show that
the number of events recorded by the KOERI seismic
network during this period (natural earthquakes due
to tectonics + unnatural blasting events) is 341. The
number of events detected in the study is 480 (Figure
16a, b). In short, the data obtained within the scope
of the study was approximately 41% higher than
the seismic data of KOERI. Therefore, the stations

(11.07.2018-15.03.2019) 341 Events

0°E 3'E 2E

(11.07.2018-15.03.2019) 480 Events
0°E 3°E °E

ESSER o 0 d
. i

Figure 16 - a) Distribution of events recorded by KOERI in the region during the 3rd period in which data analysis was conducted (341 events).
b) Distribution of events recorded in the scope of the study in the 3rd period (480 events).
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installed within the scope of the study have made a
great contribution to the seismic monitoring of the
region and to the seismotectonics.

It was observed that the earthquake epicenters that
were recalculated changed approximately +0.5-2.6 km
on average (Figure 17). In addition, the study revealed
some positive changes in the depth distributions of the
earthquakes. As a result, the horizontal and vertical
error margins of the events in the region were reduced
thanks to the newly installed stations. As a result of the
evaluation of all data, it was observed that especially
the NE of Doganyurt, the vicinity of Egirdir Lake,
Altintag-Kiitahya, Cobanlar-Bolvadin-Cay, especially
the middle and northwestern part of the Sultandag-
Aksehir Fault Zone have intense seismic activity.

Figure 17 is given as an example of how the
epicenters of three different events changed with the
new data obtained in the study. In the 3" period, it was
observed that there were no intense quarry blasts in
the region. Local micro-earthquake activities, blasts
and tele-seismic (distance earthquake) records were
monitored in the 3 period data set evaluated within
the scope of the study.

4. Related Theories and Methods Used

Different software and techniques were used
in this study. The most important of them were the
software that are still widely used by the world’s major
seismology centers for the calculation of earthquake
parameters (Hypo71, Hypolnv, Hypocenter; Lee and

Lahr, 1975; Klein, 1985; Lienert et al., 1986). Station
distribution and density are of great importance in
determining the locations of earthquakes. Earthquake
locations can be calculated very accurately with a
well-designed station distribution considering the
intended target. The stations installed within the scope
of the study were designed for these purposes. Three
component digital data obtained from the stations were
used in the Hypocenter program used within the scope
of the study. All prepared data which were entered
into the program as an input file, so all parameters
such as occurrence time, geographic coordinates,
size and depth of earthquakes were determined by
inverse solution algorithm. The program attempted to
determine the location of the earthquake in a way that
can minimize the difference between the theoretical
P- and S-arrival times created according to a given
ground seismic velocity structure (Kalafat et al., 1987)
and the observational times read from the data.

Another method targeted and used within the
scope of the study was to enable the magnitude of
earthquakes to be given by different methods. In
this study, M, Local magnitude was given to all
earthquakes in general, and M, Moment magnitude
calculation was made for earthquakes with M > 3.3 in
general. Richter (1936, 1948) magnitude, also defined
as Local magnitude (M, ), is the magnitude type used
by all seismology centers in local earthquake studies.
The definition of the method was made according to
the Wood-Anderson (WA) seismometer used at that
time. In this study, the calculation method determined
by KOERI was used. The earthquake records obtained

08:45:39.62 KOERI

084439 62
09.11.2018
08453902
390823

Distance(m) 20 15

AYDINUSNRIHIBAR
T [ESKSEHR)[Souh 4 5 ki

08:45:39.54 PROJECT

08453054
g o 09112018

Magntude
Distanca(em) 19,93
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Figure 17- Examples showing both the new solutions of three earthquakes aside from the changes in their locations thanks to the stations
installed within the scope of the study and the solutions obtained from KOERI.
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within the scope of the project were converted into
WA record with signal analysis methods and used
in accordance with this definition. Briefly, they were
simulated to the original WA seismometer. In the
Richter approach, the basic expression is the ratio of
the maximum amplitude (A) observed at the station to
the reference amplitude (A ):

A
M, =log—
L =108 4,
A is the maximum (in mm) zero-to-peak

amplitude (+ or -) recorded by a WA seismograph.
A, is the amplitude of the zero magnitude earthquake
as a function of the epicentral distance. Moment
magnitude (M) was generally given as a result of
the determination of earthquake source parameters or
by using S wave spectrum technique. Below are the
Moment Magnitudes (Mw) given by the BLVD and
SDAG stations used within the scope of the study

and their contribution to the solution of the Daricilar-
Dazkirt (Afyonkarahisar) earthquake on 8 August
2019 (Figure 18).

In addition, these stations also contributed to the
determination of the Earthquake Source Parameters,
and the digital data obtained enabled the calculation of
fault plane solutions of earthquakes with a magnitude
M > 3.5. Relevant programs were used for the analysis
of the data obtained from the digital three-component
records collected in the study (Dreger 2002; Sokos
and Zahradnik, 2013; Figure 19).

Within the scope of the study, Earthquake Source
Parameters of the Acipayam earthquakes that occurred
in the region in 2019 were calculated through the
Moment Tensor Inversion (MTI) technique (Figure
20; Table 3). In addition, regional stress analysis was
performed using the stress analysis method (Gephard,
1990). In the stress analysis of 15 earthquakes using P

| File Edit View Help

EEEFEREEIETR

sEne s B 4 Dogan Kalafat

|+ First Touch: Dogan Aksan | » Modified by: Dogan Kelefat || 15 | [ | 0| %2 |8 s 90| 4 | p

it | Results | Phase Data |

Fosmes | Repo
s
2

A vseaveL s |
@ useaacc )
A nusea VEL (33)
@ uUnuseaacc (18)

< ) [}

DARICILAR-DAZKIRI (AFYONKARAHISAR) [South East 4.9 km]

PWAVE

No | tation

< “m

[ Cac. [ a E
13 [SMAA | 4007 | 3840 2 E [4

14 |ODEM | 39.07 3042 | = [ 54 370 [ 350

15 |BLVD 3988 | 0.3 i 0 15767 | - | 285 | 342 | 304
18 |AYDB | 4012 | 4084 | < 2 (] 1634 - [373 [357 | 388
17 [Tvse | 4 (w83 [ 020 |3 | (S 178 (350 [ 363 [ 361
18 |GORD | 4289 | 4z81 | [2 [ o 378 [376 | 378
19 [SEVD | 4437 | 447 =2 0 333 [ 328 | 328
20 [CIFT | 4521 | 4489 [z [ 378 | 378 | 378
21 [LADK | 4575 | 4355 [ 2~ 0 323 | 321 322
22 [WomB | sa4s | 5323 53 [§ 349 (352 [ 381

Old: Ke  [Ke known eathauake | 85 p|B| 214174/3852995

z

i

= — o 190808
A ~ 5 Orign Time (GUT) | 20:50:1326
5 Lattude (degrees) | 37.8515 degree
Longude (degrees) | 29.7472 degree
5’\; Don a7km
v 00
Ay E Number of Phases | 28
GAP (degress) B
™ Hin Stn Distance 26.4km
7 7% RIS Error 02
ERH (Distance Emor) | 0.7 km
ERZ (DepthEror) | 0.1 km
Qualty o1
1w 362011
e |[es 362041
5 == g [Tl bivs | B )
= | Update [W ML [ /Al [ SD [ Update Mws. =
(Fem t e e - foer stzzz
N [ Aveen | aveenz [
e BASH | 407 "N
(Bhowes [KiL_| 420
iRt APy | 366 E
gl . 5P| 258 231 | 2 683 o
T i CAME | 248 351 326 350 342 et 2
KULA | 372 380 385 376 382 23 e
Av||ls0ac | 363 3% as1  3m  as 2185 3
5 N7l | a7 ami_ as1i  ame  a7e wRsa  al¥|
< ] >

—
[ 37 | 9 | D 154 KO | 138
(% [ - 08 Ko [ 139
a9 [v [ 2 Ko |42
[ Ul e [ ko [147 o
@ [0 | 72 KO [ 181 |
(@ [ x | 11 | ko [162
9 [x | 2 | Ko [172 =
w |- [ 25 [ w0 [im s o
@ [ x | 20 Ko | 240 =
w w2 | Ko [2%m o 25 S 75 10 15 10 175 200 25 2%
- i EN-={11L=3.62 SD=0.25]

PR ECL Y P I

Bolvadin Station

joment Magnitude (M)

«MM,MW,‘ng;gl‘;«,rwmm

AN J | ) rvl’t“x A Vﬁ\r\/\,q

w«w«%ﬂ»

- Sultandag Station

Figure 18- The contribution of the Bolvadin (BLVD) and Sultandagi (SDAG) stations to the solution of Daricilar-Dazkir1 (Afyonkarahisar)

earthquake on 8 August 2019.

200



Bull. Min. Res. Exp. (2020) 163: 187-210

MT Flowchart
BB 3C
Component _ MT M‘-"th"d

Kalafat et al., 2009

Figure 19 - Fault plane/MT solution flowchart (Kalafat et al., 2009; Kalafat, 2016).

R

Figure 20 - Fault plane solutions of Denizli-Acipayam earthquakes that occurred in the region in 2019.
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Table 3- Fault Plane Solutions of the 2019 Acipayam-Denizli earthquakes.

EQ. No. Date Time Lat. Lon. ng:h' Mw Str. Dip A. Rake A.
1 20.03.2019 06:34 37.4545 29.4317 12 5.5 304 40 -105
2 20.03.2019 06:51 37.446 29.405 6 4.1 302 52 -110
3 20.03.2019 08:00 37.4075 29.4252 6 4 121 54 -102
4 20.03.2019 12:45 37.4523 29.4025 6 42 89 47 -156
5 20.03.2019 17:04 37.4035 29.441 8 4.1 296 33 -100
6 20.03.2019 17:42 37.4163 29.421 8 43 317 31 -80
7 22.03.2019 08:20 37.4475 29.4098 20 4.1 201 57 68
8 22.03.2019 15:32 37.4845 29.4075 14 42 183 50 18
9 24.03.2019 16:17 37.4777 29.4105 8 4 72 76 -180
10 25.03.2019 06:15 37.4047 29.4163 8 42 129 60 -94
11 27.03.2019 11:27 37.4592 29.3848 15 4.4 188 49 40
12 31.03.2019 11:30 37.4815 29.385 8 5 345 71 -99
13 31.03.2019 11:45 37.5167 29.3905 8 4.1 316 76 -108
14 01.04.2019 01:49 37.4747 29.3745 8 4.5 305 80 -101
15 04.04.2019 15:01 37.4848 29.3468 8 43 348 72 -107

and T axes (azimuth — plunge), the general direction
of the main axes is E-W (P) trending compression and
N-S (T) trending extension.

In general, stress tensors are obtained by using
fault plane solutions. These are the directions of
the three principal stress axes (Sigmal > Sigma2 >
Sigma3) and the relative quantities explained by the
Stress ratio (R) for the principal stress axes. The stress
regime is expressed according to which of them is in
the vertical plane. When the greatest principal stress

axis (Sigmal) is vertical, this indicates extensional
tectonics; when the intermediate principal stress
axis (Sigma 2) is vertical, this indicates strike-slip
tectonics; and when the minimum principal stress axis
(Sigma 3) is vertical, this indicates compressional
tectonics.

The fact that the dips of the principal stress axes
Sigma 1 and Sigma 3 are close to horizontal and
the dips of Sigma 2 are close to vertical indicates a
dominant Strike-slip Faulting regime. The solution

Vanance: 0 086
Phi 0.3+ 012022
S1: trend. 121.2, plunge: 796
S2: trend. -7 4; plunge: 6.5
S3 trend .98 2, plunge: B
Faulting style: Normal

Tau

Ratio: 1
Beta: 21 4311994 D

400

300

Frequency
rJ
o=
=]

100

0.5 1
¢

Figure 21 - Stress analysis performed in the study (The dominant directions of the principal stresses, the value of the R stress ratio).
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from the study is the opposite and shows that the
vertical slip normal faulting regime is dominant in the
region (Figure 21).

Sigma2 — Sigmal / Sigma3 — Sigmal = R shows
the amplitude values of the principal stress axes in the
region. R = stress ratio R shows the relationship
between the 3 principal stress axes. The fact that 0 <
R < 1 and R (¢) is between 0-0.5 indicates that an
extensional tectonic regime is dominant in the region,
and that this extensional regime continues its current
evolution with vertical slip normal faults.

5. Results and Discussion

The study showed that the stations installed within
the scope of the study decreased the earthquake
detection threshold (Mc) in the region to M_ = 1.3

(Figure 22). This made a significant contribution to
the monitoring of micro-earthquake activity very
sensitively especially in the Sultandagi Fault Zone
(SFZ) and its surrounding. It has been observed that
as the sensitivity of the seismic network increases and
the detection threshold (M) decreases, the number
of earthquakes detected from the region increases
significantly. The number of earthquakes that occurred
in the region only during the study period is 1442
(Figure 23).

All Data Set in the Study Period (Between
19.07.2017 and 11.07.2019); while the number of
Total KOERI Solutions is 638, the number of total
solutions within the study is 1442 (Table 4; Figure
23; 24a, b). The comparison of the data obtained by
KOERI and the study is below.

e

Mec (Completeness of Magnitude)

Cumulative Number of Events

2018 20182 20184 20186 20188 2019
Time (Year)

Figure 22- Mc range of earthquake detection threshold within the
project.

Table 4- Comparison of data obtained by KOERI and the study.

15004 =

1000+ =

500 =

0 |
20175 2018

T T T
20185 209 20195 2020

Time (Years)

Figure 23- The cumulative increase in the number of events
evaluated within the study.

WITHIN THE STUDY
KOERI SOLUTIONS INCREASE
PERIOD DATE RANGE AFTER EVALUATION
Number of Events Number of Events Number of Events
1.-2. 19.07.2017-26.03.2018 135 496 361
3 27.03.2018-10.07.2018 79 236 157
11.07.2018-14.03.2019 341 481 140
15.03.2019-11.07.2019 83 229 146
TOTAL 638 1442 804
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Figure 24- a) KOERI Solutions during the study period and b) solutions obtained with the contribution of the stations installed within the
scope of the study (Active faults are from Emre et al., 2013; topography data is from NASA-SRTM).

In short, the number of earthquakes in the region
whose parameters were calculated increased 2.26
times during the study. This has made a significant
contribution to eliminating the lack of data in
earthquake catalogs, monitoring the pre-earthquake
process of earthquake generating sources, revealing
the earthquake occurrence patterns, monitoring the
energy discharge of the region, and calculating the
cumulative seismic moment (Figure 25).

During the study, we recorded quarry blasts
during the day conducted to supply material for

45 . 5 . .

Cumulative Moment
(5]
[+, ]

20185 2019 20195 2020

Time (years)

281 75 20..1 8

Figure 25 - Cumulative moment increase in the scope of the study.
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the construction of the dam in the region. Thus, the
sensitivity of the unnatural events catalog data set was
increased by entering the coordinates of the blast areas
into the existing database in the earthquake analysis
of KOERI regarding the detection of the blast areas
throughout the country (Figure 26a, b).

As a result of the study, it was observed that the
central and western parts of the SFZ are active, and that
especially the vicinity of Sultandagi, Cay, Cobanlar
and Afyonkarahisar have intense seismic activity. It
was observed that there was a cluster of events owing
to blasts during the construction of the Cay Dam to
the south of Cay district. In addition, intensive seismic
activities were observed along the south-southeast of
Egirdir Lake and to the south of Burdur Lake (Figure
24b).

The greatest contribution of the study is that two of
the stations installed within the project were integrated
into the National Seismic Network of Turkey operated
by KOERI after the project was completed, enabling
the existing network to serve more precisely across the
country (Figure 27, 28).

The data obtained by the two stations installed
within the scope of the study flow to RETMC
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installed stations (14.04.2018 15:11 GMT Cay-Afyon M= 0.9).

Chuk b/

Kahral manka zan

EE-
Ankara o4
Lo - ® q
Esklgéﬁ'l‘lr Alpus b e 1 3 GE‘DQasa
_‘@ f \’unusnrrrn'\ 'i {90 |
e Polatli
= 5

Suwlgaﬂ’

ESKT

Gifteler Haymana 'Es0 | if/

AFSR N Kian. 5
KAMT

\r'dzn

v 4N
Kemigkoyt 4 KUl \\ o
m , Evren
H"S"‘1GKLLLU6|‘ Sere hisa
SERE | ‘yaAyX)

Cihanbeyli
h

L

"‘\New Statlons

; Emlgdaq

Ort]

Eskil
o
Altinekin
o
Kadinhani ssarayani Gazi
2 Obruk Bucadi  f

PR o 3 SuLT 3

Bozdad

Milli Parks Emirgazi
~ S @
ismil Karapinar. !6 3
Y 5 YERY:
Gumra 4
a
Ei

1 1["
#! L¥ AR -'-.)'rgrciwr ‘s

e ees,

Figure 27- Two project stations, which are KOCB Kogbeyli and TASA Tasagil, are integrated into National Seismic Network of
Turkey. These stations are registered by ISC as BLVD and SDAG.

205



Bull. Min. Res. Exp. (2020) 163: 187-210

Sampling Frequency 100

50 Re-Sampling Frequency

W o w8 W
Time (sec)

] 8 %0

x10

[ o s
05 KOCBz.. -
o e 4
i I S——
4 L

(] 80 50

Sampling Frequency 100 50 Re-Sampling Frequency

«10° Current data view: Raw data

KOCBn

Figure 28- An example of sequential earthquakes recorded by the stations installed.

(Regional Earthquake-Tsunami Monitoring Center)
in real-time. The stations installed were registered
with the International Seismology Center (ISC); their
International Station Codes were assigned (SDAG and
BLVD) and they were included in the Global Seismic
Network List. These stations contributed greatly
to the solutions of the earthquakes that occurred in
Western Anatolia recently. The 8 August 2019 Denizli
Earthquakes can pose the best example for this. In the
examples below (Figure 29), the contributions of these
stations installed within the scope of the study to the
Denizli Earthquake activity can be seen.

It was found that the locations of the earthquakes
which were relocated by the installed stations changed
with an average of + 0.5-2.6 km. In addition, the study
revealed positive changes in the depth distributions of
the earthquakes. As a result, the horizontal and vertical
error margins of the events in the region reduced
thanks to the stations installed, and these stations
greatly contributed to the development of the existing
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seismic network sensitivity. Therefore, the stations
installed will have a remarkable contribution to find
the answer to the questions whether the earthquake
activity that might occur in the period after the three
major earthquakes in the region in 2000 and 2002 will
continue towards the NW or in a different direction. In
this context, seismic monitoring in SFZ is crucial and
it should not be ignored that the active fault segments
to the west of Cay and northwest of Cobanlar carry a
high seismic risk in the future.
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Figure 29- Contribution of Sultandagi (SDAG) and Bolvadin (BLVD) stations to the
solutions of the 8 August 2019 (11:19 and 20:50 GMT) Denizli earthquakes.
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