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Abstract

The North Anatolian Fault Zone (NAFZ), which forms the plate boundary between Anatolian Plate and
Eurasian Plate, is one of the most active transform fault zones in the world. Following two consecutive
magnitude M>7 earthquakes in 1999, an intensified monitoring of western portion of NAF is
commenced. Dense networks of onshore/offshore seismic, acoustic, geodetic sensors and surface creep
and strain sensors were installed. A single seismic sensor among these, which is located at the midpoint
of 1999 ruptures, near Lake Sapanca, exhibits some unusual seismic activity. On a fault segment where
creep is known to be present, a series of minor seismic events was observed with identical locations
and a recurrence time of three years. These events are quite short in duration and highly similar in their
waveforms. Using a single station approach, their angle of incidence and back azimuth were found to
coincide with the location of two M2.3 and M2.1 events. At this stage, it is not clear whether these
events reflect fault creep at seismogenic depth. Nevertheless, these initial observations emphasize the
necessity of monitoring this segment more densely, where recurrent minor earthquakes are likely to be
observed.

Sapanca Golii Yakininda Tek Bir Sismik istasyonda Tekrarlayan Deprem

Gozlemleri

Anahtar kelimeler
Sapanca Goli; Kuzey
Anadolu Fayi; Krip;
Tekrarlayan Depremler;
Tek Bir Sismik istasyon

1. Introduction

Oz

Kuzey Anadolu Fay Zonu (KAFZ), Anadolu ve Avrasya plakalar arasindaki levha sinirini olusturur ve
diinya Uzerindeki en aktif transform faylarindan biridir. 1999'da meydana gelen iki M>7 depremin
ardindan, KAF'In bati kismi yogun bir sekilde izlenmeye baslanmistir. Karada/denizde yogun aglarla
sismik, akustik, jeodezik, ylizey kripi ve gerinimi Olgen sensorler kurulmustur. Bu sensorler arasinda,
1999 kirilmalarinin merkezinde, Sapanca Géll yakinlarinda bulunan tek bir sismik sensor, bazi olagandisi
sismik aktiviteler kaydetmistir. Krip gozlemlenen bir fay segmentinde, ayni konumlarda, g yilhk
tekrarlama siresi ile kiiglik sismik olaylar gozlemlenmistir. Bu olaylar oldukga kisa stirelidir ve dalga
formlar agisindan oldukga benzerdir. Tek istasyon yaklasimi kullanilarak, bu olaylarin gikis agisi ve geri
azimut agisinin M2.3 ve M2.1 buyukligindeki depremlerin konumuna denk geldigi bulunmustur. Bu
asamada, bu olaylarin sismojenik derinlikte krip yansitip yansitmadigi belirsizdir. Bununla birlikte, bu ilk
gozlemler, tekrarlayan depremler goézlenen bu segmentin daha yogun bir sekilde izlenmesinin
gerekliligini vurgulamaktadir.
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reliable seismic hazard assessments as key input

The sudden release of accumulated tectonic stress
along locked segments of major plate boundaries,
resulting in large earthquakes and subsequent
seismic hazard and risk, is the main interest of
seismic studies. Recently, identifying creeping
zones based on the observation of repeating
earthquakes and episodic tremor and slip, attract
considerable

interest in order to derive more

for risk mitigation and reduction strategies.

The North Anatolian Fault Zone (NAFZ), which
accommodates the westward motion of Anatolian
Plate with respect to stable Eurasia, is one of the
most active bounding strike-slip faults in the world.
Following the 1912 Ganos earthquake in the
western Marmara region, this 1600 km long right
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lateral strike slip fault has first ruptured in 1939
near Erzincan marking the beginning of a series of
M >7 events migrating towards the Sea of Marmara
in the west. In 1999, two large earthquakes
occurred in Izmit-Golclik (M7.4) and Diizce (M7.1),
three months apart. The Izmit rupture is 140 km
long and subdivided in four segments. The Dizce
earthquake rupture is 40 km long, extending the
(Barka 2002).
Subsequent to these two devastating earthquakes,

rupture towards east et al.
the number of onshore and offshore sensors was
increased around Sea of Marmara to better
estimate the risk associated with the expected
future major earthquake. As a result, many striking
observations are made. On the western portion of
the NAF propagating in Sea of Marmara, the Main
Marmara Fault, repeating earthquakes were
observed between the years 2008 and 2015
(Schmittbuhl et al. 2016). Later, spanning the years
between 2006 and 2010, repeating earthquakes
located in Central Basin were observed (Bohnhoff
et al. 2017) (Figure 1a, yellow star). At the
intersection of Izmit and Dizce earthquake
ruptures, Uchida et al. (2019) observed repeating
earthquakes in 2007 and 2013. Utilizing three
in the
similar

ocean bottom seismometers deployed
high, Tekirdag,
observations were made (Yamamoto et al. 2019).

Western offshore
Observations on the Main Marmara Fault are
limited due to the sparseness of geodetic data and
seismic activity. Yet the depth of seismogenic zone
is determined to be approximately 18 km (Wollin et
al. 2018). The last major earthquake along the
Marmara section of the NAFZ including the Princes’
Islands Segment south of Istanbul occurred in
1766. The absence of microseismicity (Bohnhoff et
al. 2013) and geodetic studies there indicate a
locked status (Ergintav et al. 2014) with the locking
depth being located at ~10 km. This segment alone
is able to produce an M~7 earthquake (Hergert and
Heidbach 2010, Bohnhoff et al. 2013). Recently,
employing borehole strain sensors, an ultra-slow
earthquake (equivalent to a M~5.8 earthquake)
was observed offshore Yalova (Martinez-Garzon et
al. 2019), (see also Figure 1a, red star). In INSAR
(Interferometric Synthetic Aperture Radar) studies,
shallow aseismic creep is observed in the eastern

of the Marmara section of the NAFZ, in the lzmit
Cakir et al. (2012)
observed aseismic creep at the surface rupture

and Ismetpasa segments.

between the lzmit and Akyazi fault sections based
on InSAR analysis of Envisat satellite images
between the vyears 2003-2009. This
interpreted as post-seismic fault creep since no

result is

similar observation exists prior to the earthquake.
Aslan et al. (2019) report that this segment still
exhibits aseismic creep at a decaying rate 19 years
after the earthquake. A month-long creep event is
reported in December 2016 with an amplitude of
approximately 10 mm, which indicates an irregular
aseismic creep behavior (Aslan et al. 2019). The
eastern part of Izmit rupture attracted less
attention whilst the west (Sea of Marmara, e.g.,
Main Marmara Fault, Princes’ Islands Segment) is
sampled densely with variety of sensors. We
recognized a salient behavior in one seismic sensor
while searching for a correlation between the
observed shallow creep and seismic activity. The
seismic instrument employed in this study is
located at the northeast of Lake Sapanca in
Serdivan, in the close proximity of 1999 Izmit
rupture. Lake is a pull-apart basin formed as a
result of the dextral strike-slip character of NAF.
Observed seismic activity is framing two micro
earthquakes occurred to the south of lake. In this
study, we investigate the reasons due to this
seismic activity. One of the Event-clusters (Event-2-
cluster in 2015) observed in this study coincides
with one of these bursts (see Figurel3a in Aslan et
al. 2019). However, there is no creep data available
for the other Event-cluster occurred in 2018. Both
activities are not correlated with any other
triggering source such as environmental anomalies
or nearby power plants. Our results are limited
since these observations are made only in one
station.

2. Data and Analysis

Data analyzed in this study are recorded at a single
seismic instrument, SAUV, which is located at the
NE of Lake Sapanca, at 40.7401°N 30.3271°E
(Figure 1b).
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41°

Figure 1. a) Hypocenters of 1999 Izmit-Golcik and Diizce earthquakes are shown in yellow starts with red frames.

Slow earthquake, magnitude M5.8, observed offshore Yalova and repeating earthquakes observed in Central

Basin on the Main Marmara Fault and on Diizce segment are shown in red and yellow stars, respectively. b)

The blue triangle stands for the seismic sensor, SAUV, green triangles for the meteorological stations, and

pink circle for the observed creep event. (NAFZ: North Anatolian Fault Zone, CB: Central Basin). As seen

above, the seismic station SAUV is located on the 1999 Izmit rupture. Black squares represent the locations of

GPS stations SMAS and SISL.

The seismic instrument is equipped with a Guralp
CMG-6T sensor. Data are sampled at 100 Hz.
Seismic activity observed in continuous waveform
recordings allowed to identify two seismic
sequences that occurred three years apart, but on
the exact same location. The first cluster occurred
on 23.11.2015 (hereafter Event 1), framing a period
before and after an earthquake of M2.1 that was
located at 40.7067°N/30.2685°E, according to the
catalogue provided by Kandilli Observatory and
Earthquake Research Institute (KOERI). The second
cluster, occurred on 10.08.2018 (hereafter Event
2), again related to an earthquake at 40.62865°N
30.2995°E of M2.3, according to KOERI (Figure 1b,
red stars framed in yellow). Both hypocenters are
located in the south of Lake Sapanca. Raw data
recorded on the vertical component can be seen in
Figure 2, with respective frequency-time plots.
Most of the energy is focused at frequency range 5-
20 Hz. Event 2 occurred at 00:10:11 UTC on

10.08.2018, at a depth of 5.7 km. Two events were

detected preceding the main event and 15 more
events occurred after.
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Figure 2. Two events observed at seismic station SAUV
are shown. a) Upper panel: raw data recorded
at SAUV on 23.11.2015. The waveforms are
normalized. Lower panel: time-frequency plot.
b) Same as a) for second event occurred on
10.08.2018.

The first event is detected two hours before the
main event and the activity lasted for two hours.
The Event 1 occurred at 03:47:20 UTC on
23.11.2015, at a depth of 5.7 km. The total number
of events detected in the vicinity, on this day is 37
in total, 15 of them were preceding the main event.
The sequence starts 20 minutes before and lasts
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one hour after the occurrence of the main event.
The length of the waveforms is in average 4
long and S-P differential
approximately 1.5 seconds. Figure 3 shows the

seconds time s

waveforms exhibiting good correlation.
Interestingly, the main event —Event 1- is not
among these waveforms, since the waveform
cross-correlation coefficient calculated with the
other waveforms is small, reflecting that the

waveforms are not identical. Waveforms are
detected manually. Such activity is only observed if
the main event occurred close to station SAUV, in
and around Lake Sapanca. The observed events
occurred at nighttime. Since there are several
small-scale hydroelectric power plants in the near
vicinity, along Sakarya River, signal to noise ratio of
waveforms is comparatively low during daytime. It
is an acknowledged fact that quarries are active
during daytime and out of the area of observed
(Townsend 2014). To better

similarity of waveforms,

seismic activity
the
calculated the coherence between the 3-second-

determine we
long signals framing the P- and S-wave onsets. An
unfiltered waveform is divided into six segments
with a 50% overlap and magnitude squared
coherence is calculated,
(coh(w) = |Pxy(w)|?/Pxx(w)Pyy(w)),
Pxy is the cross power spectral density, Pxx and Pyy

where

are power spectral densities of two time series (x
and y) at frequency ®. The coherence of Event 1

a)

with the cluster on the same day and Event-2-
cluster is calculated (Figure 4a, b). The coherence
of Event 2 with the cluster on the same day and the
Event-1-cluster is calculated (Figure 4c, d).

Within the frequency band of 2-10 Hz, the
waveforms in the clusters exhibit high similarity
with the corresponding main events. The two main
M2.3 and M2.1 events might have triggered the
same patch producing waveforms with high
coherency (0.8-0.9) in the frequency band of 2-10
Hz. Another method to investigate the similarity
the
(Uchida and Bilirgmann 2019). The correlation
coefficients (C(t) = lefx(t)fy(t+T); where fx
and fy are two waveforms, N number of samples
lag
approximately 3-second-long waveform filtered
between 2-10 Hz. As seen in Figure 5, the
preceding exhibit  high
coefficients with the main event. As the occurrence

between waveforms is cross-correlation

and 1 time.) are calculated between

events correlation
time increases the correlation coefficient between
the main event and the waveform decreases. In
Event-1 cluster, one preceding event has a CC
(cross-correlation) coefficient of 0.62 and the final
8 events have CC coefficients varying between 0.58
and 0.75. In Event-2 cluster the CC coefficients are
varying between 0.7 and 0.9, only the last one is
0.56.

b)

ey
WPy
WYY aal
b i

AN
v

Time (seconds)
w

B adonis) Laem

Time (seconds)

WW\ N
VIV Yty

Event number

T
WA s

Normalize

A

25 3 as
Time {seconds)

A A . “\
°“‘v‘4Jff’”‘.\ﬂ“a'Jf‘l o rrfﬁ‘.';s |

Figure 3. The two observed cluster of events. Data are band-pass filtered between 1-25 Hz. a) Upper panel: Event-1-
cluster, Lower panel: Stack of events before the main event (in black) and after the main event (in red), b)

Same as a) but for Event-2-cluster.
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Figure 4. Coherency plots. Coherence between Event 1 and a) each event in Event-1-cluster and b) Event-2-cluster.
Coherence between Event 2 and c) each event in Event-2-cluster and d) Event-1-cluster. Waveforms are
unfiltered. Each colored solid line represents the coherence between a pair.

3. Correlation with environmental data

Environmental anomalies such as temperature
variations, atmospheric pressure changes may
produce additional unwanted transient/noise in
data. It is essential to avoid temperature variations
long period

techniques. Seismic instrument SAUV is equipped

in seismometers using isolation
with a Giralp CMG-6T sensor in which thermal
which
Especially,
pressure changes are difficult to avoid since they
2014). To

determine whether the observed events are

isolation is important, there is no

information on that. atmospheric

are indistinguishable (Townsend
associated with an environmental anomaly, we
investigate temperature, rainfall and pressure data
during the month October in 2015 and the month
August in 2018. Two close meteorological stations
are considered (Figure 1b, M1 and M2). The total
pressure, rainfall and temperature data per day
recorded at stations M1 and M2 are shown in
Figure 6. The earthquakes are indicated with a red
arrow. Since the meteorological data are sampled
with lower rate (hourly), it is difficult to state a
correlation. Amount of rain exhibits an increase on
the previous and same day with Event 2. On the
day of Event 1, there is no variation in rainfall and
temperature trend. On the other hand, it can be
clearly seen that there is a variation in atmospheric
pressure in both stations. Especially, a sharp
variation in pressure data is observed in the closest
this
information is not enough to draw a conclusion on

station (M1) on Event 2-day. However,

the correlation between atmospheric pressure and
seismic observations.
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Figure 5. Cross-correlation coefficients calculated for
each waveform a) in Event-1 cluster with Event 1 (black
star) and b) in Event-2 cluster with Event-2 (black star).
Events within each cluster is sorted according to their
occurrence time. Waveforms are band-pass filtered
between 2-10 Hz.

4. Epicenter estimation using single-station data

In seismology, usually seismic phase observations
from several, well-distributed stations are needed
to locate earthquakes. Since, our observations are
limited to only one station, we perform a basic
implementation of one three-component sensor to
determine epicenters (the surface projection of the
hypocenter which is the ‘real’ location at depth). P-
wave particle motion is polarized in vertical plane
containing the station and earthquake epicenter.
The back azimuth of an event, the direction angle
from epicenter to station, can be calculated using
the amplitude ratio, atan(Agsw/Axs), of E-W and N-S
1988,
Lockmann and Allen 2005). To get the correct back

horizontal components (Nakamura
azimuth, the first motion polarity of the P wave on
the vertical component is also determined since

there is an ambiguity of 180°.
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Figure 6. Temperature, rain and atmospheric pressure data recorded in M1 and M2 stations shown in Figure 1b. Red

arrow indicates the day of the main events in 2015 and 2018.

Similarly, the apparent angle of incidence can be
calculated, atan(Ag/A;), where AR=\/AE\,\,2+ANS2 and
A; is the amplitude of the vertical component
(Havskov and Ottemdller 2010). With the known
locations of Event 2 and station SAUV, the azimuth
can be calculated as 203°. Using this single station
approach, a value of 189° is found.

The particle motions of the small events observed
in this study are not stable since they are recorded
at a station located on a tectonically complex
region. Therefore, this technique is applied to a
stack of clusters. For Event-2-cluster, the two small
events before the main event and the ones
following are stacked. The back azimuth direction
estimates of 203° (approximately, 40.6407N
30.2717E) and 206° (approximately, 40.6495N
30.2688E) are found, respectively. In case of Event
1, with known locations of the event and station,
the azimuth is calculated to be 213°. In Event-1-
cluster, the sum of the events preceding the main
event and the ones following are stacked and 190°
(approximately, 40.6400N 30.3038E) is found for
both (Figure 6). Moreover, taking into account the
S-P times of the observed seismic events, we can
estimate a region where these small events may be
occurring. The velocity model in Karabulut et al.
(2011) is taken into account (depth(km)/Vp(km/s):
0/3.27; 12/6.15; 24/6.84; 36/7.89). The estimated
region for these events likely to originate from is
shown as circles with a radius determined using the
well-known formula R=ts..rivar-te-arrival (VeVs/(Vp-Vs))
in Figure 7.

For Event 2, the S-P times vary between 1.27 and
1.44 seconds (Figure 7, red circles). For Event 1, S-P
times vary between 1.28 and 1.37 seconds (gray
circles). According to the formulations of Savage
(1990), the deformation at the surface produced
during the earthquake cycle can be calculated
considering an elastic half space model. If the
locking depth (D) of the fault is approximately
17km (Schmittbuhl et al. 2016) in lzmit-Sapanca
segment, surface deformation can be estimated as
D/3. The
deformation along the fault is denoted by black

approximate region for surface
dashed lines in Figure 7. The calculated back
azimuths and hypocenter locations of stacked
events suggest, that the recorded seismicity likely
originates from the same area as corresponding
main events and located approximately within the
surface deformation zone (Figure 7). In such a
setting, one can identify recurrent slip on the same
seismic patch using repeating earthquakes,
providing information on fault creep if sufficient

data exist.

5. Discussion and Conclusions

In pursuit of the shallow creep observation along
Izmit-Sapanca segment, we analyzed seismic
waveforms in order to find a correlation with the
seismic activity. The number of stations is less in
this region compared to Sea of Marmara segments

where a magnitude M>7 earthquake is expected.
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Figure 7. The estimated regions for the Event-1- (red circles) and Event-2-cluster (gray circles). The approximate region

for surface deformation along the fault is also shown (blacked dashed lines). The dark green and red filled

circles represent the estimated locations (back azimuths) of each event in the clusters, in Event-1 and Event-2,

respectively.

With a careful and through analysis of recordings of
a seismic sensor located at the center of 1999 Izmit
earthquake rupture, two clusters of repeating
events are recognized related to additional
microearthquakes in the same area (Event-1 and
Event-2) of magnitudes 2.1 and 2.3. Since, they are
only observed in one station, possible
investigations are limited. Data between the years
2013 and 2018 are scanned and only one station
(SAUV) exhibits such an activity. Employing one
three-component station (SAUV), we calculate the
direction of angle from the epicenter to station and
determine that the source of these events is
located at the south of the lake within the
deformation the

correlation coefficient between the 3-second-long

zone (Figure 7). Moreover,
waveforms of the main event and events in the
corresponding cluster is calculated within the
frequency band 2-10 Hz. The events which
occurred closer in time to the main event exhibit
high CC coefficient (>0.7) with one exception in
Event-1 cluster. Within the same frequency band,
the coherency values vary between 0.8 and 0.9.

The timing of Event-1-cluster coincides with a

creep anomaly, reflecting that the energy release
on lzmit-Sapanca segment may take place both
aseismically and seismically. Repeater sources,
which are not located on major plate boundaries,
These
sources are tides and slow slip, linked to the

cause small-scale stress perturbations.
presence of fluids. Another source for repeating
seismicity that can cause low stresses is a weak
host rock in a fractured or less consolidated part of
shallow crust (Frank et al. 2016). The seismic
station SAUV is located on the alluvial deposits
near Adapazari Basin. Using a dense array of almost
70 seismic sensors, deployed in the region between
the years 2012 and 2013, Altuncu-Poyraz et al.
(2016) observed a foreshock/aftershock activity
related to a M4.1 earthquake in Serdivan. They
identified an unmapped NW-SE trending secondary
fault located to the north of Izmit-Sapanca segment
near station SAUV. It is important to detect the full
seismic cycle pre-, main and aftershocks even at
the smallest magnitude in order to understand the
triggering process and how seismic activity will
proceed in earthquake prone regions. Therefore, to
better estimate the characteristics of the fault zone
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