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Abstract

The September 26, 2019 Silivri earthquake (Mw=5.6-5.8) occurred along the Northern Strand of the
North Anatolian Fault Zone extending beneath the Marmara Sea. In the present study the teleseismic
P waveforms and 20-year long background seismicity of the earthquake have been analyzed. Point-
source inversion of the teleseismic P waveforms revealed that the earthquake was due to oblique
faulting and released a seismic moment of 3.2 x 107 Nm (Mw=5.6). The frequency-magnitude
distributions for the background seismicity have been calculated for 5-year long time windows after
the 1999 izmit earthquake. The considerable decrease of b-value of the frequency-magnitude
distributions just before the 2019 Silivri earthquake has been interpreted as stress increase along the
fault segments which provides a reasonable clue for the occurrence of the earthquake. The
frequency-magnitude distribution for the 5 year-long time windows before the 2019 Silivri
earthquake suggests a recurrence time interval of 168 years and occurrence probability of %16

within the next 30 years for a Mw=7.5 earthquake.

Key words: The northern anatolian fault zone; The 26 September 2019 Silivri earthquake,
B-value.

1. Introduction

The Marmara Region has been characterized by high seismic activity with tens of devastating
large earthquakes in both historical (Figure 1a) and instrumental period (Figure 1b) [1, 2, 3, 4,
5]. The trench studies have confirmed the high seismic activity [6, 7, 8, 9, 10, 11]. The high
seismic activity has been generated by the North Anatolian Fault Zone (NAFZ) which extends
as three main fault strands, the Northern, Middle and Southern strands [12, 13, 14] (Figure 1a).
As seen from Figure 1a the Northern fault strand has generated most of the large earthquakes.
This fact indicates that the Northern fault strand has played major role in accommodating the
deformation resulting from the regional plate kinematics, in accordance with GPS studies
[15,16,17]. The fault segments of the Northern Strand have been indicated to be a seismic gap
after the occurrence of the 1999 Izmit earthquake (Mw=7.5) (Figure 1a) [18, 19, 20]. The largest
city of Turkiye, Istanbul is located close to the seismic gap causing a high seismic risk. The
September 26, 2019 Silivri earthquake (Mw=5.6-5.8) occurred within the seismic gap along the
Northern Strand (KOERI 2019; AFAD 2019; MTA 2019) (Figure 1a) and caused slight
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structural damage and big fear among the population. Table 1 lists hypocentral and source
parameters of the earthquake and indicates that the earthquake was produced by oblique
faulting. In the present study teleseismic waveforms and seismicity around the earthquake will
be analyzed in order to have an idea about seismotectonic meaning of the earthquake. Many
seismicityf\tudies carried out in the Marmara Region [21, 22, 23, 24, 25, 26].
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Figure 1. (a) The map demonstrating extent of the North Anatolian Fault Zone (NAFZ) and large historical
earthquakes in the Marmara Region. The faults are compiled from [12, 13, 14] and the historical seismicity is
taken from [2, 3]. The large rectangle encloses the areas in which the seismicity shown in Figures 3a and 4a have
been recorded. Red thick line indicates fault segments that produced no large earthquake for the last hundred
years along the Northern Strand and considered as seismic gaps. Red and yellow stars represent epicenters of the
1999 izmit and the 2019 Silivri earthquakes, respectively. (b) Epicentral distribution of the all magnitude
earthquakes after 1912 in the seismicity catalogue utilized in the study. Stars indicate the earthquake with
Mw=>7.0.

2. Teleseismic Source Process

Teleseismic P waveforms of the 2019 Silivri earthquake recorded at 15 stations are inverted to
investigate the source process and to obtain the source parameters. After corrected for the
instrument responses and exclusion of the problematic recordings, the waveforms are bandpass
filtered at corner frequencies from 0.01 to 0.35 Hz and resampled with 0.50 s time interval.
Point-source inversion methodology developed by Kikuchi and Kanamori [26] is applied to the
teleseismic P displacement waveforms, lengths of which are taken as 16 s. The earthquake
rupture has been approximated by a vertical grid of 5x5 point-sources along the strike and dip,
respectively (Figure 2). The crustal structure given by Ozer and Kenar [27] and a trapezoid
source-rise time function with 1 s rise and fall and 3 s total duration are used in the calculations
of the Green’s functions. The rupture velocity is taken as 3.3 km /sec.
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Figure 2. Teleseismic point-source analysis results of the September 26, 2019 Silivri earthquake. (Left) Source-
time function, source mechanism and retrieved location of the single point-source. RP stands for the reference
point which is taken as the hypocentral location in the analysis. (Right) Comparison of the observed waveforms
(top) with synthetic waveforms (bottom) calculated for the point-source mechanism and location shown in the

left.

Table 1. Lists hypocentral and source parameters of the 26 September 2019 Silivri earthquake and indicates that
the earthquake was produced by oblique faulting.

Longitude Latitude Depth Mw Strike Dip Rake Seismic
(degree) (degree)  (km) (degree) (degree) (degree) Moment
(10% Nm)
USGS 28.150 40.904 8 5.71 86 64 123 0.4575
NEIC 210 42 42
Harvard 28.25 40.86 12 5.7 273 49 144 0.404
GCMT 29 64 47
ISC 28.1928 40.8901 12 5.7*
AFAD 28.1928 40.8718 6.99 5.8 38 64 66
263 35 129
KOERI 28.211 40.882 12,6 5.6 27 62 40 0.344
276 55 145
This 66 54 59 0.32
Study 294 44 128

NEIC= National Earthquake Information Center; GCMT= Global Centroid Moment Tensor; Catalogue; 1SC= International
Seismological Centre; AFAD= Disaster and Emergency Management Presidency; KOERI= Kandilli Observatory and
Earthquake Research Institute, * Ms magnitude
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The waveforms are satisfactorily fitted using single point-source located at the hypocentral
depth (10 km). The results of the inversion are depicted in Figure 2 and calculated source
parameters are listed in Table 1. Both hypocentral and source parameters of the earthquake
suggest that the earthquake was due to oblique faulting with strike-slip and reverse faulting
components. Adding relocation of the earthquake together with the detailed fault mapping
suggest that the earthquake occurred on a secondary fault extending north of the main fault
trace [28, 29, 30, 31]. The solution demonstrated in Figure 2 corresponds to a seismic moment
of 3.2 x 10¥” Nm (Mw=5.6).

3. Seismicity Analysis

Gutenberg-Richter relation of the earthquake occurrences defines frequency-magnitude
distribution (FMD) of earthquakes [32] and is given:

log,, N =a—-bM 1)

where N represents cumulative number of earthquakes of size M and larger, and a and b are
constant parameters. The parameter a is related with the level of seismicity while the b-value is
an important seismotectonic parameter which has been pointed out to be inversely related to
the crustal stresses and vary in the range 0.5-1.5 [33, 34]. In order to calculate a and b-values
the Weigted Least Square method is utilized [35].

Following determination of the FMD relation from the seismicity recurrence time (Tr) and
occurrence possibility of an earthquake (R) of targeted magnitude (Mtarg) in a defined future (t)
can be calculated by equations below

AT
T = 106 M) 2
R= 1_e—N(Mtarg)t (3)
N(Miarg)= 10(@-bMtarg) 4)

where AT is the recording period of the seismicity [34, 36]. N(Mtarg) corresponds annual number
of occurrences of the targeted event. The ZMAP software is utilized for defining the FMD for
the selected seismicity data [37]. Recurrence times and seismic risk are calculated manually.
A homogenized catalogue that covers the time period from 1900 to October 2018 and is based
on moment magnitude has been used in the seismicity analysis [5]. Kandilli Observatory and
Earthquake Research Institute (KOERI) catalogue has been used to extend catalogue period
until July 2020. The epicentral distribution of all magnitude seismicity from the combined
catalogue after 1912 is demonstrated in Figure 1b.
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Figure 3. (a) Declustered, all-magnitude seismicity along the Northern Strand after 1999 izmit earthquake and
calculated (b) magnitude of completeness (Mc) time variations and (c) cumulative numbers of the seismicity
shown. (d) Cumulative numbers of the seismicity for Mc>2.8. Yellow stars represent the 1999 izmit and the

2019 Silivri earthquakes. See Figure 4 for epicentral distribution of declustered Mc>2.8 seismicity and estimated
Frequency-Magnitude distribution.

The seismicity after the 1999 izmit earthquake and along the Northern Strand beneath the
Marmara Sea (the seismicity in an area enclosed by a rectangle in Figure 1b) is used. Figure 3a
shows the epicentral distribution of the selected seismology after declustering. Then temporal
variations of Mc are calculated and result is shown Figure 3b. Figure 3c indicates cumulative
numbers of earthquake for the seismicity shown in Figure 3a. The calculated magnitude of
completeness time variations shown in Figure 3b for the declustered seismicity demonstrated
in Figure 3a suggest that the seismicity is complete for Mw>2.8. Figure 3d indicates cumulative
numbers of earthquake for the declustered seismicity with Mw>2.8. The calculated magnitude
of completeness time variations and cumulative number plots for the all magnitude and Mw>2.8
seismicity shown in Figs 3b, 3c and 3d respectively, for the declustered seismicity illustrated
in Figure 3a suggest that the seismicity data becomes more homogeneous after leaving only
M>2.8 earthquakes in the catalogue. Therefore, the seismicity with M>2.8 is decided to be used
in the later seismicity analysis.The epicentral distribution of the earthquakes in this catalogue
is demonstrated Figure 4 along with the calculated FMD, which indicates a b-value of 1.06, a-
value that virtually the same as global mean, 1.0.
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Figure 4. (a) Epicentral distribution of declustered Mc>2.8 seismicity. Yellow stars represent epicenters of the
1999 izmit and the 2019 Silivri earthquakes. (b) Frequency-Magnitude distribution estimated for the declustered
Mc>2.8 seismicity. The triangles and squares in (b) denote the discrete (hon-cumulative) and the cumulative
distributions of earthquakes, respectively.

4. Discussion

Either source mechanism solution obtained in the study (Figure 2) and the previous solutions
(Table 1) coincides with that the 2019 Silivri earthquake occurred along a secondary fault
associated with a fault jog in the Central Basin of the Marmara Sea. In order to investigate if
the background seismicity present a clue for occurrence of the 2019 Silivri earthquake the
FMDs are estimated in 5-year time windows after the 1999 Izmit earthquake. The results are
presented in Figure 5 which indicates considerable variations of b-value. Between 2004 and
2009 b-value increased to 1.17 as compared with 5-year period just after the 1999 izmit
earthquake. Then it has gradually dropped 1.03 and 0.91 in the time intervals of 2009-2014 and
2014-2019, respectively. The significant drop in b-value suggests rise of crustal stresses along
the fault segments lying beneath the Marmara Sea [28, 29] This provides a reasonable clue for
the occurrence of the 2019 Silivri earthquake.

As indicated above fault segments of the NAFZ beneath the Marmara Sea comprise a seismic

gap (Figure 1a). We have estimated earthquake recurrence times and seismic risks in the future
for targeted magnitudes from the FMDs obtained in Figure 5. The computation results are listed
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in Table 2. Notice that calculations suggest a recurrence time interval of 168 years and seismic
risk or occurrence probability of %16 within the next 30 years for a Mw=7.5 earthquake if the
FMD of the 2014-2019 time-period with anomalously b-value is utilized. As for a Mw=7.0
earthquake, calculations suggest a recurrence time interval of 59 years and occurrence
probability of %40 within the next 30 years. The occurrence probabilities rise to %26 and %57

in the next 50 years for the same size earthquakes, respectively.
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Figure 5. Estimated Frequency-Magnitude distributions of declustered Mc>2.8 seismicity after 1999 for the
indicated 5 year-time intervals. See Figure 3d and Figure 4a for cumulative numbers and epicentral distribution

of the seismicity, respectively. The triangles and squares denote the discrete (non-cumulative) and the

cumulative distributions of earthquakes, respectively.
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Table 2. Earthquake recurrence times (Tr) and seismic risk (R) or probability of earthquake occurrences for
indicated magnitude of earthquakes along the fault segments of North Anatolian Fault Zone beneath the
Marmara Sea. Calculations are based on the frequency-magnitude distributions (FMDs) obtained in the study
(see Figures 4b and 5). The declustered seismicity along the fault segment after the 1999 Izmit are used in the
FMD determinations (see Figure 4a)

1999 - 2020 1999 -2004 2004 - 2009 2009 - 2014 2014 - 2019

a-value 5.78 5.13 5.58 4.96 4.6
b-value 1.06+0.06 0.99+0.1 1.17+0.04 1.03+0.1 0.91+0.06
s M6.5 -1.11 -1.305 -2.025 -1.305 -1.315
s M70 -1.64 -1.9 32.61 -2.25 -1.77
©  M75 -2.17 -2.295 -3.195 -2.765 -2.225
s M65 0.07762 0.049 0.009 0.184 0.0484
‘?&) M7.0 0.0229 0.0156 0.0024 0.0056 0.0169
—  M75 0.0067 0.005 0.0006 0.0017 0.0059
Tr M65 13 M6S5 20 M6S5 106 M6S5 5 MeS5 20

(year) M70 44 M70 64 M70 407 M7.0 177 M7.0 59
M75 148 M75 197 M75 1567 M7.5 582 M7.5 168
R M65 90 M6.5 77 M6.5 25 M65 42 Me5 77

(percentin “\70 50 M70 37 M70 7 M7.0 16 M7.0 40

thenext30 “v7s 18 M75 14 M75 2 M75 5 M75 16
years)

R M65 98 M65 92 M6.5 38 M65 60 M65 91
(percentin M7.0 68 M7.0 54 M7.0 11 M7.0 25 M7.0 57
thenext50 M75 29 M7.5 22 M7.5 3 M7.5 8 M7.5 26

years)

5. Conclusions

In the present study teleseismic P waveforms of the September 26, 2019 Silivri have been
inverted for the source process and the background seismicity around the earthquake has been
analyzed. The waveforms are fitted using single point-source located at the hypocentral depth
(10 km) and calculated source parameters suggest that the earthquake was due to oblique
faulting. The earthquake released a seismic moment of 3.2 x 101" Nm (Mw=5.6). The frequency-
magnitude distributions (FMDs) for the background seismicity have been calculated in 5-year
long time windows after the 1999 Izmit earthquake. The considerable decrease of b-value of
the FMD for the time interval of 2014-2019 has been interpreted as stress increase along the
fault segments which provides a reasonable clue for the occurrence of the 2019 Silivri
earthquake. The FMD distribution for the seismicity in the 5-year time window before the 2019
Silivri earthquake suggest a recurrence time interval of 168 years and occurrence probability of
%16 within the next 30 years for a Mw=7.5 earthquake.
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