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Abstract

In the present study seismicity of the Southern Marmara Region before and after the 1999 Izmit
earthquake is analyzed and compared. A homogeneous seismicity catalogue that has completeness
above Mc=2.9 and covers the time period between 1978 and 2020 is used. Comparisons of the
spatial mapping of the frequency-magnitude distribution before and after the 1999 izmit earthquake
revealed that b-values demonstrate a general increase after the earthquake indicating a general stress
decrease in the region. The shortest computed T value of about 450 years in the east of the city of
Bursa vanished after the 1999 earthquake. The computed time variations of the b-value have shown
an increase from 0.8 to 1.6 between 1978 and 1997 and an anomalous increase from 1.1 to 2.1
between 2000 and 2006. After 2006, the b-values have decreased from 2.1 to 0.8, implying that
decreased stress after the 1999 izmit earthquake began to increase after that year. Since the historical
seismicity indicates no large earthquake on the fault segments of the North Anatolian Fault Zone
extending along the towns of Geyve, Iznik, Gemlik and Bandirma, these fault segments are
considered to be the most likely hosts of the next destructive earthquake in the region.

Keywords: The Northern Anatolian fault zone, The Southern Marmara region, 1999 Izmit
earthquake, Seismicity parameters

1. Introduction

The main active tectonic property of the Marmara Region is the North Anatolian Fault Zone
(NAFZ) [1-4] (Figure 1a). The NAFZ enters the Marmara region at its east section and
bifurcates into three fault strands, the Northern, Middle, and Southern strands [1,5] (Figure 1b).
The northern strand passes under the Sea of Marmara, while the other strands extend all over
the Southern Marmara Region [6]. The fault segments in the Southern Marmara Region
undertake much smaller deformation compared to the segments along the Northern Strand, as
indicated by GPS and kinematics reconstruction studies [5,7]. Nevertheless, the middle and
southern strands produced a number of large destructive earthquakes over the past twenty
centuries, as revealed from the historical sources [8,9], indicating high seismic activity in the
region.
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In the present study, the seismicity of the Southern Marmara region, both in historical and
instrumental periods, is investigated. Large earthquakes in the last two millennia are used to
define fault segments that have not produced a large earthquake for a long period. The
instrumental seismicity is analyzed to calculate b-values of the frequency-magnitude
distribution (FMD) [10,11] and FMD based earthquake recurrence times [11]. The results will
then be utilized to interpret earthquake hazards in the study area. Similar investigations have
also been performed by several studies using similar and different methodologies [12-17].
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Figure 1. (a) The map demonstrating the main tectonic elements of Tirkiye. The red rectangle encloses the
study area. (b) The epicentral distribution of the Ms > 6.8 earthquakes occurred in the Southern Marmara Region,
NW Tirkiye, after 1 AD and Ms > 6.0 earthquakes after 1800 (compiled from [8,9,19-21]). See Table 1 for
further detail.

2. Method

The relationship between the size of an earthquake and its frequency of occurrence is named
FMD [10] and is defined as:

log,, N =a-bM V)

where N is the cumulative number of earthquakes with a magnitude exceeding a given
magnitude, M, and a and b are constants. The constant a is positively related to the level of
seismic activity. The b-value has been shown to be inversely related to the shear stress in the
crust [11] and shows strong heterogeneity in finer scales in the range of 0.5 to 1.5. After
determining the FMD relation from the seismicity catalogue of a certain region or fault zone,
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the probabilistic recurrence time (Tr) of an earthquake of targeted magnitude (Mtarg) can be
practically estimated by

AT
Tr = 10(a*bM|arg) (2)
where AT is the recording period covered by the seismicity catalogue. When T is based on the
finer scale distribution of FMD, its calculation in this way is called local recurrence time (Tv)
[11,23]. To calculate b-value, we have used the maximum likelihood method [24]:

b log,, e (3)
(M - Mnin)

where Mmean IS the average value of magnitude and Mmin is the minimum magnitude of
completeness in the seismicity catalogue to be analysed. A software package called ZMAP is
used for mapping the b-value of FMD and Tw. value as a function of space [11,18].

Table 1. The earthquakes with magnitude Ms > 6.8 occurred in the Southern Marmara Region, NW Tiirkiye, after
1 AD and Ms > 6.0 earthquakes after 1800 (compiled from [8,9,19-22]). See [21] for the empirical relation used
for calculation of Ms magnitude from the intensity data and Figure 1b for the epicentre map.

No. Date Latitude (°) Longitude (°) Ms Intensity Region
1 10.11.123 40.3 27.7 7.0 Erdek
2 22.22.160 40.0 275 7.1 Canakkale
3 22.22.460 40.1 27.6 6.9 Erdek
4 25.09.478 40.7 29.8 7.3 Karamirsel
5 06.09.543 40.4 27.8 IX Erdek
6 715 404 28.9 IX Iznik
7 7?.09.1065 404 30.0 6.8 Iznik
8 26.11.1143 40.11 294 6.4 Bursa
9 12.05.1327 40.12 28.3 6.4 Bursa

10 15.03.1419 40.4 29.3 7.2 Bursa

11 10.05.1556 40.6 28.0 7.1 Erdek

12 21.09.1577 39.7 27.7 VI Balikesir

13 06.02.1737 40.0 27.0 7.0 Biga
14 07.02.1809 40.0 27.0 6.1 Bayramig
15 08.02.1826 39.8 26.4 6.2 Ezine
16 19.04.1850 40.1 28.3 6.1 M.Kemalpasa
17 28.02.1855 40.1 28.6 7.1 Bursa
18 11.04.1855 40.2 28.9 6.3 Bursa
19 28.02.1898 39.6 27.9 6.9 Balikesir

20 18.11.1919 39.3 27.4 6.9 Soma

21 06.10.1944 39.5 26.5 6.8 Edremit

22 15.11.1942 39.4 28.1 6.2 Bigadic

23 18.03.1953 40.1 27.4 7.1 Gonen

24 07.02.1809 40.0 27.0 6.1 Bayramic

25 06.10.1964 40.1 28.2 6.8 Manyas

26 05.07.1983 40.4 27.3 6.1 Karabiga
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3. Seismicity

The Southern Marmara region is a seismically active area with a number of large destructive
earthquakes over the past two millennia as compiled from the historical seismicity
[8,9,19,21,22] and paleo-seismological studies [25-30] (Table 1) (Figure 1). Table 1 reflects the
results of the compilation of large earthquakes from a careful examination of the existing
seismicity studies. The epicentre distribution of the historical seismicity in Table 1 is shown in
Figure 1.

The data used in the study is taken from a homogenized catalogue published by Tan [22], which
is based on the earthquake parameters obtained from ISC seismicity bulletins. The catalogue of
Tan [22] covers the time period from 1900 to October 2018 and is based on moment magnitude,
which is determined, if not available, from regression analysis. The catalogue is extended till
July 2020 using Kandilli Observatory and Earthquake Research Institute (KOERI) catalogue
[31]. After a preliminary examination of the catalogue, it was decided to use the seismicity after
1978 in the analyses herein (Figure 2).
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Figure 2. Map showing seismicity of the study area for the period of 1978-2020. The seismicity data comprise
all magnitude range (0.4<Mw<6.1) available in the catalogue.

The cumulative number of earthquakes and FMD for the raw seismicity data are shown in
Figure 3. The same plots for the declustered seismicity data are shown in Figure 4. Both Figures
3 and 4 indicates that magnitude of completeness (Mc) is 2.5. Nevertheless, the cumulative
number of earthquake curves indicate that the use of nonhomogeneous seismicity data through
declustering resulted in some improvements. Mc for the raw seismicity data through time is
calculated and shown in Figure 5, which indicates that Mc is higher than M=2.5. From Figure
5, it is interpreted that Mc is 2.9. The cumulative number of earthquakes and FMD of the
declustered seismicity data for M>2.9 are shown in Figure 6, which indicates relatively
homogeneous seismicity.
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Figure 3. (a) Cumulative number and (b) frequency magnitude distribution of earthquakes for the raw seismicity
of the Southern Marmara Region between 1978 and 2020. The triangles and squares in (b) denote the discrete
(non-cumulative) and the cumulative distributions of earthquakes, respectively.
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Figure 4. (a) Cumulative number and (b) frequency magnitude distribution of earthquakes for the declustered
seismicity of the Southern Marmara Region between 1978 and 2020. The triangles and squares in (b) denote the
discrete (non-cumulative) and the cumulative distributions of earthquakes, respectively.
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Figure 5. Variation of the magnitude of completeness (Mc) with time calculated for the raw seismicity of
Southern Marmara Region between 1978 and 2020.
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Figure 6. (a) Cumulative number and (b) frequency magnitude distribution of earthquakes for the declustered
M>2.9 seismicity of the Southern Marmara Region between 1978 and 2020. The triangles and squares in (b)
denote the discrete (non-cumulative) and the cumulative distributions of earthquakes, respectively.

4. Results

In order to compare seismicity of the Southern Marmara Region before and after the 1999 1zmit
earthquake, spatial mapping of the FMD distributions is carried out [11]. The cylindrical data
volumes with a radius of 15 km that are centered at grid nodes separated by 0.015 are utilized
for spatial mapping. The minimum number of events within the cylindrical data volumes is set
to 50. The results of the calculations are demonstrated as the spatial distributions of b, Mc and
T values. Spatial mapping is first implemented for seismicity before the 1999 Izmit earthquake
or for the time period between 1978 and 1999. The results of the seismicity analysis before the
1999 Izmit earthquake are demonstrated in Figure 7. Figure 7 indicates that b, Mc, and Ty values
are changing in the range of 0.78-2.3, 2.9-3.2, and 130-660 years, respectively. Several
anomalously low b-value areas, such as east of Bursa and Gemlik Bay and Balikesir areas, are
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mapped (Figure 7a). Over these anomalously low b-value areas, Mc values are 2.9 (Figure 7b),
indicating that b-value calculations have no connection with variations of Mc values. As
apparent from Figure 7c, one of the shortest T. values of about 450 years is computed in the
east of Bursa.

Results of the seismicity analysis for the seismicity after the 1999 izmit earthquake are shown
in Figure 8. An anomalously low b-value is notable in the Gemlik Bay and Karabiga areas and
the SW tip of Biga Peninsula (Figure 8a). Despite the fact that Mc varies between 2.9 and 3.0,
it does not change over the mentioned anomalously low b-value areas (Figure 8b), implying
that b-value variations are not affected by Mc variations. Figure 8c indicates longer T values
of as much as 1500 years. The shortest T. value for the Southern Marmara Region is computed
for offshore SW of Biga Peninsula.
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Figure 7. Spatial distributions of (a) b-value, (b) magnitude of completeness- Mc and (c) local earthquake
recurrence times-T,_ (targeted event has Mw=7.0) obtained for the declustered M>2.9 seismicity of the Southern
Marmara Region between 1978 and 1999.
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Figure 8. Spatial distributions of (a) b-value, (b) magnitude of completeness- Mc and (c) local earthquake
recurrence times-T (targeted event has Mw=7.0) obtained for the declustered M>2.9 seismicity of the Southern
Marmara Region between 1999 and 2020.

5. Discussion

A comparison of Figures 7 and 8 indicates significant changes of seismicity within the Southern
Marmara Region. The computed b-values demonstrate a general increase. For example, the
anomalously low b-value area in the east of Bursa (Figure 7a) vanished after the 1999 izmit
earthquake while a new one appeared in the Karabiga Area. Gemlik, Balikesir and SW of Biga
Peninsula areas show a decrease in the b-values. TL values show an approximately two-fold
increase after the 1999 izmit earthquake in coincidence with general increase of the b-value.
Since b-values are inversely related to stress in the crust, it could be said that the occurrence of
the 1999 Izmit earthquake caused a general stress decrease in the Southern Marmara Region
during the observation period.
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However, b-value spatial mappings shown in Figure 7a for the time period 1978-1999 and in
Figure 8a for the time period 1999-2020 represent average values for the interested time
periods. Therefore b-value variations with time are computed. The result is shown in Figure 9a.
Figure 9a indicates that the b-value increased from 0.8 to 1.6 between 1978 and 1997 and
exhibited short-time variations both decreasing and increasing before the 1999 Izmit
earthquake. After the occurrence of the 1999 Izmit earthquake, b-values demonstrated an
anomalous increase from 1.1 to 2.1 between 2000 and 2006. This implies that the 1999 izmit
earthquake decreased the stress in the crust. After 2006 b-values have decreased from 2.1 to
0.8, indicating that the stress began to increase after 2006. An increase in the stress is supported
by increasing number of relatively larger magnitude events as seen from the time-magnitude

plot of the seismicity (Figure 9b).
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Figure 9. (a) b-value variations with time and (b) time-magnitude plot for the declustered M>2.9 seismicity of
the Southern Marmara Region between 1999 and 2020.

Utkucu [32] pointed out that the fault segments of the Northern Strand have a mean recurrence
interval of 250-300 years and the other strands have at least twice larger intervals (600-700
years) compared with the Northern strand for a target event of Mw=7.4 using the seismicity
between 1981 and 1999. T. value of 450 years calculated for the east of Bursa in the present
study agrees on larger earthquake intervals for the middle and southern strands. Historical
earthquake activity (Figure 1) indicates no large earthquakes in the last 400 years for the fault
segments of the NAFZ extending along the Geyve, Iznik, Gemlik and Bandirma geographic
line. These fault segments are considered as the most possible candidates to host next
destructive earthquake ruptures in the region.
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6. Conclusions

Seismicity of Southern Marmara region both in historical and instrumental periods has been
studied. A homogeneous seismicity catalogue that have completeness above the Mc=2.9 and
covers the time period between 1978 and 2020 has been analyzed. The seismicity before and
after 1999 izmit earthquake is compared. Comparison of the spatial mapping of the frequency-
magnitude distribution before and after the 1999 Izmit earthquake has shown that b-values
increase after the earthquake indicating stress decrease in the region. The shortest computed T.
value of about 450 years in the east of Bursa vanished following the 1999 earthquake. The
computed time variations of b-value have demonstrated an increase from 0.8 to 1.6 between
1978 and 1997 and an anomalous increase from 1.1 to 2.1 between 2000 and 2006. After 2006
b-values have decreased from 2.1 to 0.8, implying that decreased stress after the 1999 izmit
earthquake begun to increase after 2006. As the historical seismicity indicates no large
earthquakes on the fault segments of the North Anatolian Fault Zone extending along the
Geyve, Iznik, Gemlik and Bandirma geographic line in the last 400 years these fault segments
are deemed as the most likely candidates to host the next destructive earthquake ruptures in the
region.
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