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S U M M A R Y
We study the surface deformation of a moderate size M5+ earthquake swarm-type activity
which burst at the tip of the Biga peninsula (western Turkey) in early 2017. No previous
M5+earthquakes have been recorded in the instrumental period on land, however, offshore
normal faults, have ruptured to produce strong (M > 6) earthquakes. We use the Interferometric
Synthetic Aperture Radar (InSAR) technique and exploit a data set of Sentinel-1 and ALOS-
2 images, to successfully detect the surface deformation caused by three M5+ events of
the sequence and constrain their source models, furtherly strengthened by seismic waveform
analysis. The sequence occurred at shallow depths (<12 km) and is related with the activation of
a normal fault. Our geodetic inversions constrained the rupture distribution of the main events
and led us to conclude that they belong to a single fault plane, striking N110◦E and dipping
∼40◦ to the SW, compatible with the regional tectonics. Furthermore, the InSAR analysis
revealed that no aseismic transients occurred during the Biga swarm. InSAR applications in
seismic swarms are limited mainly due to the low displacement signal they produce, which
is not always easily detectable by radar satellites. Another obstacle is the time frequency of
radar satellites acquisitions that often does not allow the temporal isolation of distinct seismic
events. However, here we present a study that exploits InSAR data to isolate seismic sources of
a swarm and proposes its use for the understanding of shallow seismic swarms in a systematic
manner.

Key words: Geodetic instrumentation; Radar interferometry; Satellite geodesy; Seismicity
and tectonics.

1 I N T RO D U C T I O N

InSAR investigations of strong seismic events have relatively re-
cently started to be a systematic tool for the study of their displace-
ment pattern. On the contrary, there are very few studies in the
bibliography that have implemented it as a tool for studying seismic
swarms; for the swarms occurring globally, in most of the cases,
there is a complete absence of InSAR studies.

During the first 3 months of 2017, a shallow earthquake swarm of
moderate magnitude M5+, occurred at the tip of the Biga peninsula
(Fig. 1), in western Anatolia (Turkey). The sequence, also called the
Ayvacik (Çanakkale) swarm, was characterized by the occurrence
of more than 1500 events by the end of March 2017 (Fig. 2). The
good coverage by the regional seismic networks (Fig. S1) enabled
the analysis of seismicity down to magnitude 2 and even below. Al-
though the number of reported injuries was small, some locals were
placed in tents to reduce the risk of injury from collapsing buildings
in consequent events. The strongest M5+ events caused damage

to ∼2600 poorly constructed structures in 30 nearby villages, as
reported by the field survey carried out after their occurrence (Li-
vaoğlu et al. 2018).

The stress field in the broader region combines shearing and
extension, placing the tip of the Biga peninsula in an active
transtentional tectonic regime (e.g. Chatzipetros et al. 2013; Bu-
lut et al. 2018). Shearing is imposed by the activity of the dextral
strike-slip North Anatolian Fault (NAF) and its middle and south-
ern strands (Fig. 1,e.g. Şengör 1979; Şengör et al. 2005; Özalp
et al. 2013). The southern shore of the peninsula is controlled by
the southern strand, where the dominant structure is the Edremit
Fault Zone (EFZ, Sözbilir et al. 2016 and references therein).
The strongest seismic event recorded at EFZ, within the instru-
mental period, is the 6 October 1944, Mw 6.8 Edremit-Ayvacik
earthquake (Ambraseys 1988; Fig. 1), with a normal south-dipping
source (dip ∼46◦, e.g. Paradeisopoulou et al. 2010) which caused
73 fatalities, 275 injuries and over 2000 building failures (Altinok
et al. 2012).
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Figure 1. Location of the study area (dashed rectangle) in the broader tectonic framework of the North Anatolian Fault Zone (NAFZ). The orange polygons
depict seismogenic sources (from the GreDaSS fault database) (Caputo & Pavlides 2013; Pavlides et al. 2010; Sboras 2012): lines denote the fault-top trace,
whereas the transparent polygons show the fault dipping plane. The green star on Edremit fault marks the location of the 1944 earthquake. Upper left inset:
location of the study area (green square) in a regional framework. Lower right inset: close-up on the area of study, with the local fault network (black lines,
after Yılmaz & Karacık 2001). The geothermal power plant is located in Tuzla (coordinates 39.566066◦N, 26.173216◦E). The seismicity (red dots) is sparse
on the Biga peninsula, but strong M ≥ 6.0 events are mainly observed offshore (the data span the period 1300–2016).

The tip of Biga peninsula exhibits generally moderate-size seis-
micity; no M > 5 earthquakes occurred during instrumental pe-
riod and no strong M > 6–7 during historical times. The site
hosts important geothermal fields (e.g. Şamilgil 1966; Mützenberg

1997; Baba & Ertekin 2007; Şanlıyüksel & Baba 2007) which
have been exploited since the ancient times. The seismic sequence
occurred near to the Tuzla Geothermal Field (Baba et al. 2008,
2015), where a geothermal power plant, has been operating since
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Figure 2. (a) Swarm activity (grey circles) at Biga peninsula, for the period 1/Jan/2017 to 30/Aug/2017. Green beach balls denote the moment tensor (MT)
solutions of the three M5+ events that are analysed in this study using InSAR (numbered 1–3). Black beach balls depict other published MT solutions of the
swarm (listed in Table S1). Normal faulting along WNW–ESE striking planes is well-depicted. The red lines denote faults (Caputo & Pavlides 2013; Pavlides
et al. 2010; Sboras 2012). (b) Cross-section along dip, profile A–A’ depicted in (a). The approximate location of the Gülpınar and Tuzla villages is marked.
The dashed line passing through the projection of the three major events (green beach-balls) supports the assumption that the swarm is due to the activation of
a SW dipping normal fault, located below these villages. (c) Magnitude–Time graph showing the evolution of the sequence.

2010. It is well accepted that in the presence of migrating flu-
ids, fluid pore pressure variations might be the driving mechanism
or at least facilitate the occurrence of swarm-type activity. The
connection between the swarm occurrence and geothermal activ-
ity is not clear, and this investigation is outside the scope of this
work.

Studies on swarm surface displacements are very limited and
only recently, after the advent of space geodetic techniques, have
been made available (Lohman & McGuire 2007; Bell et al. 2012;
Kyriakopoulos et al. 2013, among others). Swarms often leave a
weak surface signal that in many cases cannot be detected by radar
satellites. This difficulty is the main reason for the lack of InSAR
swarm studies in the existing bibliography. Even though the shorter
satellite revisit times of Sentinel-1 have created more opportunities
in terms of the ability to isolate specific seismic events, in many
cases, it is still difficult to isolate all earthquakes. In most cases
there will usually be a signal related to rapid afterslip (Elliott et al.
2016) and in some cases even strong post-seismic components.

This a basic disadvantage of InSAR compared to the high temporal
resolution that seismic data can offer.

In this study, we detected displacement patterns associated with
three main events of the 2017 Biga swarm. Using Differential In-
SAR (e.g. Zebker & Goldstein 1986; Dixon 1994; Massonnet 1997;
Massonnet & Feigl 1998) we analysed three M5+events, hereinafter
referred to as Event 1, 2 and 3 (Table 1). We exploited the revisit
time of the Sentinel-1 A and B radar sensors and by applying an ad
hoc modelling strategy, were able to estimate the slip distribution of
all three M5+ events separately, while proposing fault segmentation
for the swarm activity. Additionally, using Sentinel-1 and ALOS-2
data, we model the detected cumulative displace to find the cumu-
lative slip distribution. The results of geodetic modelling are also
compared with the sources and slip distributions obtained from the
inversion of regional seismic data. Eventually, InSAR results are
exploited to investigate the on-fault Coulomb Stress Changes and
the possible interaction between the source of the 2017 swarm and
the Edremit Fault.
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2 DATA A N D M E T H O D S

2.1 Seismic data and methods

The seismological analysis constrains the locations of the major
events, provides the depth extent of the sequence and here, it is
also used as an independent approach to validate the results of the
geodetic inversions. To this end, seismic data were exploited to
relocate the three major events examined, determine their source
parameters (mechanism, depth, seismic moment) and calculate the
distribution of slip onto the seismogenic fault plane, complement-
ing InSAR modelling. Origin times and epicentre positions of the
three main events presented here were determined by manual pick-
ing of P and S phases in the waveforms of regional stations, which
are received in real-time by the Greek national networks. To calcu-
late the focal mechanisms and slip distribution models of the three
events, we used digital, three-component, full broad-band wave-
forms from stations at distances up to 250 km from the sources,
located in Greece and Turkey (Fig. S1). The waveforms from the
stations located in Greece were downloaded from the servers of
the Hellenic Unified Seismological Network (HUSN), while those
from the stations located in Turkey were downloaded from the eida-
nodes maintained at ORFEUS (Observatories & Research Facilities
for European Seismology). Prior to the inversion, the waveforms
were baseline corrected, tapered, corrected for instrument response,
converted to displacement, band-pass filtered (for Event 1 between
0.05 and 0.10 Hz; for Events 2 and 3 between 0.05 and 0.08 Hz)
and resampled to 1 Hz. Synthetic Green’s functions for all seismic
applications herein were computed by the frequency–wave number
method (Saikia 1994) and the 1-D velocity model of Novotný et al.
(2001). This model (shown in Fig. S2), was originally developed
for the region we study, and it has proved to be very effective in
describing the regional wave propagation for the broader Aegean
Sea region, also accounting for the characteristics of the waveforms
in the low frequencies (e.g. Benetatos et al. 2004; Roumelioti et al.
2008; Kiratzi 2013, 2018 among others). The synthetic waveforms
(Green’s functions) were also bandpass filtered, exactly as the ob-
served waveforms. At local to regional distances, the bandpass fil-
tering we adopted, is commonly used, because it allows the use of
relatively simple 1-D velocity models to describe the wave propaga-
tion from the source to the receiver (Dreger 2018). In practice, this
narrow frequency band is a compromise between instrument lim-
itations (shaping the low frequency limit) and the need to include
long periods in the inversion, to limit the influence of the assumed
velocity model on the inversion results.

The source models of the three events analysed, were computed
using the Time-Domain Moment Tensor inversion method devel-
oped at the Berkeley Seismological Laboratory (Dreger 2002, 2003,
2018) and is widely used by seismological centres in Greece, Italy
and Turkey. Inversions were run for different source depths from 2
to 15 km (with a 1 km step). The preferred solution was chosen,
based on the peak value of the variance reduction (VR) which is a
measure of the goodness of fit between synthetic (s) and observed
(d) waveforms, and is quantified as:

V R = [1 −
(∫

[d(t) − s(t)]2dt∫
d(t)2dt

)
] × 100 (1)

The slip distribution models of the three events analysed were
computed using the finite fault approach of Dreger & Kaverina
(2000) and Kaverina et al. (2002), based on the work of Hartzell
& Heaton (1983). The method applied, described and documented
in many other Aegean events (Kiratzi 2018 and references therein)

is based on a non-negative least-squares inversion. It requires sim-
plifying assumptions including constant rupture velocity and dis-
location rise time and poses slip positivity, seismic moment mini-
mization and smoothing constraints during the inversion procedure.
In our applications the fault model is parametrized as a rectangle,
of 23 km length and of 14 km width, discretised into 322 sub-
faults of 1 km × 1 km. These dimensions are two to three times
larger than those expected from empirical relations, in order to al-
low the slip to reach its preferable location on the fault. We also
adopted a constant rupture velocity of 2.8 km s–1, which is 0.8 Vs
at the source depths of the events, and the rise time was set equal
to 0.7 s.

2.2 InSAR data and methods

To optimize our geodetic inversions, we carefully selected the
InSAR pairs and orbit availability, exploiting different satellites.
Throughout this study, each acquisition date follows the naming
convention of yyyymmdd, as shown in Table 1, which lists the
radar acquisitions used. The data exploited are from Sentinel-
1A and 1B and ALOS-2 satellites, which were launched re-
cently (2014, 2016 and 2014, respectively) and are a courtesy
of European Space Agency (ESA) and Japan Aerospace Explo-
ration Agency (JAXA). Atmospheric corrections were applied us-
ing the Generic Atmospheric Correction Online Service for InSAR
(GACOS) (Yu et al. 2017, 2018). The InSAR topographic contri-
bution was removed using the Shuttle Radar Topography Mission
SRTM –1 (resolution ∼30 m) Digital Elevation Model (e.g. Farr &
Kobrick 2000).

The image processing was carried out with the SARscape soft-
ware. For each pair of images, the master (pre-event) and slave
(post-event) images were co-registered. Then, each master image
was multiplied by the complex conjugate of the corresponding slave
image, creating an interferogram. The latter was corrected in terms
of orbits, atmosphere and topography. All interferograms were fil-
tered using Goldstein filtering (Goldstein & Werner 1998). Interfer-
ometric fringes were then unwrapped with the minimum cost flow
algorithm (Costantini 1998) and geocoded to get the line-of-sight
(LoS) displacement maps used in modelling.

First, we identified the optimum SAR pairs to isolate the main
seismic events (Table 1). Earthquake isolation through the choice
of specific radar images depends mainly on the time and date of
satellite acquisition and is not always guaranteed. For this reason,
as will be shown below, a specific strategy was adopted for the
source study of the events. In all the selected interferograms for
inversion, there is at least one M ≥ 4.9 event. Within the mod-
elling procedure, we also assessed the parameters of possible orbital
ramps affecting input data sets. Given the large amount of coherent
pixels in the InSAR output and to avoid a computational over-
load, the displacement maps were down-sampled with a two-level
density sampling grid: denser in the event proximity and coarser
elsewhere.

The initial modelling is carried out by adopting the uniform slip
in a homogenous and isotropic elastic half-space equation from
Okada (1985); we start with a non-linear inversion scheme (Lev-
enberg 1944; Marquardt 1963) to identify the fault parameters and
mechanism (strike, dip, rake, slip, fault location, length, depth,
width), possibly introducing seismological constraints from the fo-
cal mechanisms derived from the seismic waveform analysis. The
optimization starts from a random fault configuration within given
parameter ranges and it keeps minimizing the cost function �, based
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on the weighted squares of the residuals between the observed and
the predicted data:

� = 1

N

∑N

i

(di,obs − di,mod )2

σ i
, (2)

where di,obs and di,mod are the observed and modelled displacements
of the ith data point and σ i is the standard deviation of the Nth
points (we assume σ i to be the same for all points). The downhill
algorithm is implemented with multiple restarts to guarantee the
convergence to the global cost function minimum. After defining
the fault geometry, we applied a linear inversion to obtain the slip
distribution, extending the fault length and width to let the slip
vanish to zero and subdividing the fault plane into subfaults of
1 km × 1 km. The linear inversion scheme we adopt (Atzori et al.
2009, 2012) is described by the equation:[

d
0

]
=

[
G

ε∇2

]
· m (3)

where d is the InSAR data, G is the Green’s functions matrix with
the Laplacian operator ∇2, tuned with the damping factor ε, obtained
by trial-and-error (Menke 1989), to get a reliable slip distribution,
described with the m vector of parameters. A further constrain of
parameters positivity is adopted to prevent back-slip.

3 R E S U LT S

3.1 Seismicity-focal mechanisms

The swarm seismic activity at Biga peninsula is shown in Fig. 2. The
focal mechanisms of the events contained in the satellite pairs, and
calculated here by moment tensor inversion (no 1–3, Table 2), are
numbered and denoted with the green beach-balls. Other available
focal mechanisms (Table S1) of smaller-size events are indicated
in black colour. Regarding the moment tensor inversion and the
quality metrics, an indicative example (from Event 1) of the vari-
ance reduction (%VR) versus the focal depth, and the waveform fit
between observed and synthetic waveforms, is shown in the supple-
ment (Figs S3, S4, respectively). The focal mechanisms (Fig. 2a)
indicate the prevalence of WNW–ESE almost pure normal fault-
ing, in accordance with the regional stress field (Chatzipetros et al.
2013; Kiratzi 2014; 2018 and references therein). The seismicity
is confined to the tip of Biga peninsula, almost beneath the village
of Gülpinar, and extends offshore to the west. The along dip A–A’
cross-section (Fig. 2b) shows that the swarm operated in the upper
crust, at shallow depths (3–12 km). In conclusion, the sequence is
attributed to the rupture of a normal fault dipping to the SW, in ac-
cordance with the most prominent faults in the region, as concluded
by others as well (Ganas et al. 2018; Mesimeri et al. 2018).

3.2 Crustal deformation

With the pairs of 20170125 20170206 and 20170131 20170206,
both from Sentinel-1, we managed to isolate Event 1 (Ta-
ble 1, Fig. 3a). Deformation at Biga peninsula for the pe-
riod 20170206 20170212 during which Event 3 occurred (Ta-
ble 1) is shown in Fig. 3(b) and finally the interferogram
20170125 20170206 of Fig. 3(c) contains Events 1 and 2 to-
gether. The interferograms showing the cumulative deformation of
all the events analysed in this study, are presented in Fig. 4, where
both ascending and descending imagery was analysed from both T
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Isolation of swarm sources using InSAR 1485

Figure 3. (a) Sentinel-1 Interferograms from the Descending pass showing the displacement caused by Event 1 (Table 1). (b) Sentinel-1 Ascending Interferogram
showing the displacement caused by Event 3. (c) Sentinel-1 Ascending Interferogram of Events 1 and 2 (Table 1).

Sentinel-1 and ALOS-2 satellites. Detected cumulative in the LoS
deformation is more than 7 cm.

3.3 InSAR source modelling

To initialize the InSAR non-linear inversion, where the range of
possible values must be set for each fault parameter, we take into
account the results of the seismic moment tensor inversion and in
some cases we fixed a number of the parameters (Table S2) and

adopted the solutions as derived from the seismic data (Table 2).
We used the 20170125 20170206 and 20170131 20170206 pairs to
derive the source parameters for Event 1. After defining Event 1,
we modelled the 20170206 20170212 interferogram to get Event 3
parameters; it should be noted that this InSAR pair contains also a
fourth earthquake (12 February 2017, 13:48 Mw 5.1, Table S1). We
tried to isolate it, however, we found that this particular event did not
cause any detectable surface deformation signal (Fig. S5). Regard-
ing Event 2, it was not possible to isolate its surface displacement
just by choosing images with specific acquisition times; therefore,

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/217/3/1479/5342070 by IN

G
V user on 18 Septem

ber 2019



1486 N. Svigkas et al.

Figure 4. Fringe patterns from different satellites (Sentinel-1 and ALOS-2) and different viewing geometries (Left-hand panels: ascending, Right-hand panels:
descending) that express the cumulative displacement caused by Events 1, 2 and 3 (Table 1).

we used the interferometric pair 20170125 20170206, containing
the contribution of both Event 1 and Event 2 (Table 1), and by
keeping fixed the previously defined source of Event 1, we inverted
the residual signal to get the source parameters of Event 2.

Results of the non-linear inversions of all events and uncertainties
are presented in the Supplementary material (Table S2 and Figs S6–
S8). The rms values of each inversion can be found in Table S3,
while observed and modelled interferograms are presented in Figs
S9–S11.

3.4 Slip distribution onto the causative fault plane

Since an advantage of InSAR is its ability to constrain fault seg-
mentation (Elliott et al. 2016), as a first step, we exploit the In-
SAR modelling results from uniform slip models for Events 1–3
(Fig. S12), to investigate the segmentation. Although the three fault
planes retrieved for Events 1–3 are not exactly coincided, the differ-
ent positions and mechanisms can be attributed to the uncertainty,
necessarily present in InSAR data, that propagated to the fault pa-
rameters (Table S2). Considering also that the Okada solution is a
simplified description of a fault system, we conclude that the three
events occurred on the same fault (or fault system). We then moved
on to the slip distribution calculation, for InSAR and seismic wave-
forms inversion, adopting a strike 110◦, dip 39◦ and rake -97◦ fault

plane, which are the mean values of those derived for Events 1–3. To
linearly model geodetic data, we followed a stepwise procedure: first
we estimated the slip distribution for Event 1, using interferograms
No. 1 and No. 2 (Table 1); then we calculated the slip distribu-
tion of Event 3 using interferogram No. 3. For the linear inversion
of Event 2, we followed the same strategy as the one adopted in
the non-linear inversion, exploiting interferogram No. 4, setting as
fixed the source of Event 1, which had already been assessed. Ad-
ditionally, by using seismic waveforms and the inversion approach
discussed in the methods, we also calculated the slip models for
Events 1–3, using the same fault configuration to compare the source
results of the two different approaches (crustal deformation and
waveform).

Fig. 5 depicts the slip models from both data sets. For the geodetic
modelling, the rms values are listed in Table S3, while the observed,
modelled and the residuals are summarized in Fig. 6. For the seismic
modelling, the fit of the synthetics to the observed waveforms, is
presented in Figs S14–S16.

The following observations can be deduced from the slip distri-
bution models (Fig. 5):

(1) In all cases the slip is mainly confined to the mainland of
Biga peninsula.
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Isolation of swarm sources using InSAR 1487

Figure 5. Slip distributions of Events 1, 2 and 3. Left-hand panel: from InSAR; Right-hand panel: from seismic data. The red star in each event denotes the
hypocentre.

(2) The peak slip is in the range of 8–25 cm, and both approaches
(InSAR and seismic) capture that the most energetic event was
Event 3.

(3) In all cases, the town of Gülpınar is above the locus of peak
slip and the town of Tuzla in close proximity.

(4) Both approaches predict that for Event 1, the slip extents
to very shallow depths updip, almost reaching the surface. Both
models also predict a striking proximity of the major slip to the
town of Tuzla.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/217/3/1479/5342070 by IN

G
V user on 18 Septem

ber 2019



1488 N. Svigkas et al.

Figure 6. Observed, modelled and residuals of the slip distribution model of (a) Event 1, (b) Event 2 and (c) Event 3. Positive and negative signs mean, LoS
shortening and lengthening, respectively.
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Isolation of swarm sources using InSAR 1489

(5) We note that the slip distributions for all the three events
imaged through InSAR and seismic data, considering the different
data and inversion schemes, are in good agreement.

3.5 Slip modelling validation and cumulative slip
distribution

To further validate our InSAR modelling strategy and to demon-
strate that we were in fact able to correctly separate the contributions
of the three events, we carry out an independent modelling of an
InSAR data set encompassing all the three events (Interferograms
No 5–8, Table 1) and compare the retrieved slip distribution, with
the total amount of the separate slip distributions of the three events
(Slip distributions of: Event1 + Event2 + Event3) described in the
previous section.

The addition of the separate slip distributions indicates a peak slip
value of 44 cm at a depth of 5.6 km (Fig. 7a). The cumulative slip
distribution of the three events (estimated onto the same mean fault
surface), this time found from the inversion of the interferograms
No. 5–8 in Table 1, indicates a peak slip value of 47 cm, located at
a depth of 7.5 km (Fig. 7b). The high similarity of the two results,
indicate that the sources’ isolation strategy adopted in this study, has
been successful. Observed modelled and residuals of the inversion
of the cumulative interferograms are shown in Fig. 8 and rms values
are found in Table 3.

4 O N - FAU LT C F F C H A N G E S

A further objective is to investigate the possible interaction between
the three major events, from the redistribution of stress that occurred
on the causative fault. Failure is expected when there is an exceeding
of cohesion of the combination of normal and shear stresses. Change
in the Coulomb Failure Function (�CFF) is defined as:

�C F F = �τ + μ’ �σ , (4)

where �τ is the change in the shear stress, �σ is the change in
the normal stress and μ’ is the apparent coefficient friction (e.g.
Reasenbeg & Simpson 1992; Harris 1998). Positive values of the
results of eq. (4), favour failure of the faults, while the negative
values suppress it. Poisson’s ratio was 0.25 and the coefficient of
friction was set to 0.4.

To carry out this analysis, we adopt the geodetic-based slip dis-
tribution models for each event and calculate the stress change
using the formulation presented by Okada (1992). Fig. 9 shows
the results of the Coulomb stress changes modelling, having as in-
put, for the CFF calculation, first the source of Event 1 and then
the sum of Event 1 and 2 slip distributions. In every estimate,
we calculate the CFF adopting the rupture mechanism of the up-
coming event, that is Event 2 for the first calculation and Event 3
for the second. In the figure, orange to red colors represent stress
increase.

In Fig. 9, in the upper panel, it is shown that within the ex-
tent of the slip distribution of Event 2, positive values of �CFF
(caused by Event 1) are estimated to exist. This implies that Event
2 could have been triggered from the stress changes of Event 1.
The same criterion applies to the case of Event 3 (Fig. 9 lower
panel); it is indicated that its failure could have been promoted
from the areas of higher �CFF values, caused by both Events
1 and 2.

After investigating the ruptured fault CFF loading, we also ex-
amined the loading on the nearby Edremit fault, the most significant

tectonic structure in the region, this time adopting the cumulative
slip that derived from the inversion of the cumulative interferograms
(No. 5–8 in Table 1). We found that the Biga events only slightly
loaded the Edremit fault, with maximum values of 0.056 MPa (Fig.
S17).

5 C U M U L AT I V E S E I S M I C A N D
G E O D E T I C M O M E N T

An important implication for the seismic hazard of an area is the
evaluation of seismic and geodetic release (e.g. Cheloni et al. 2017).
Only recently, with the use of geodetic measurements, have we
been able to have an insight into slow or aseismic processes. These
type of activities can exist for example in active transform plate
boundaries, where it has been found that they express aseismic slip
(e.g. Lohman & McGuire 2007) and also volcanic regions (Segall
et al. 2006). Among the most known ‘silent’ phenomena is the
aseismic slow slip detected to occur at subduction zones around the
globe (e.g. Wallace & Eberhart-Phillips 2013; Pritchard & Simons
2006). While usually swarms are associated with high pore fluid
pressure in the crust (Hainzl 2004), other studies (Vidale & Shearer
2006) have suggested that aseismic processes may be one of their
common features.

Motivated by the above, we used our moment tensor solution
results together with those of Özden et al. (2018) and found the
cumulative moment release of the earthquakes (during the time-
span covered by our cumulative interferograms) to be equivalent to
Mw 5.7. The cumulative slip distribution derived from the ALOS-
2 and Sentinel-1 interferograms indicates a moment release (as-
suming rigidity μ = 30 GPa) of Mw 5.8. The two values agree,
which reveals that almost all of the deformation of the 2017 Biga
swarm was seismic. However, from this swarm alone we can-
not draw any conclusions whether the absence of aseismic tran-
sients characterizes the way of strain accumulation in this region.
Future geodetic analyses and future seismic activity evaluation
could potentially reveal whether this behaviour is typical of the
area or whether there could be periods when strain is expressed
aseismically

6 C O N C LU S I O N S

The 2017 Biga swarm created a signal strong enough to be de-
tectable by the radar satellites and here we demonstrate a case in
which InSAR is used to study swarm activity. Because of its high
spatial resolution, InSAR is able to offer better constraints to epicen-
tral positions with regard to waveform inversion. It can also clarify
issues related to fault segmentation. Moreover, it offers insights into
aseismic processes that cannot be observed solely by seismic mea-
surements. The contribution from GPS campaigns is also valuable
in such studies, but are more expensive and not always publically
available, like in the case of free SAR data available to the scientific
community.

The studied swarm in Biga peninsula was caused by the rup-
ture of a normal fault, striking ∼E–W and dipping (∼40◦) to SW,
compatible with regional tectonics (Kiratzi 2018 and references
therein). The entire sequence occurred at shallow focal depths in
the upper crust. The slip distribution models obtained from geode-
tic and seismic data converge to show that the slip was confined
mainly to a single compound patch, located underneath the town
of Gülpınar and close to the town of Tuzla. The average slip for
the three events is of the order of 15 cm and the peak slip in the
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Figure 7. Cumulative slip distribution. (a) Cumulative slip distribution as derived from the addition of the three separate InSAR slip distributions presented
in Fig. 5. (b) Cumulative slip distribution derived from the inversion of the displacement data of the interferograms shown in Fig. 4, that contain all the three
events. The two results are in agreement, both in terms of slip amplitude and slip distribution.

range 8–25 cm. Event 1 shows greater complexity in its geode-
tic slip model, while Event 3 was more energetic in terms of
peak slip values. The accumulated strain was released seismically
with no aseismic transient. Our results of the isolated slip distri-
butions were validated by an independent measurement, proving
that InSAR is indeed capable of isolating slip distribution of swarm
sources.

We demonstrate here that the Sentinel-1 family, together with
the other available radar satellite installations, could potentially
provide more opportunities to study these phenomena and even
face the low temporal resolution of InSAR and define separate slip

distributions of a swarm’s events by applying specific strategies.
This additional input could improve the knowledge of each specific
tectonic environment studied, but even on a larger scale, it can shed
light on phenomena that occur during swarm activity and are not
detectable with traditional instrumentation.

DATA A N D S O U RC E S

Satellite data are from ESA and JAXA. The latter were ob-
tained in the framework of the 4th Research Announcement
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Isolation of swarm sources using InSAR 1491

Figure 8. Comparison between Observed and Modelled cumulative displacement according to the InSAR slip distribution model. Positive and negative signs
mean, LoS shortening and lengthening, respectively.

Table 3. InSAR linear inversion results of the cumulative slip.

Fault plane
Cumulative slip distribution from the cumulative interferograms

(No 5–8, Table 1)

Strike◦ Dip◦ Rake◦ Peak Slip (cm) Depth of peak slip
(km)

110 39 -97 47 7.5
RMS values (m)
Int. 20161202 20170210: 0.007
Int. 20170106 20170223: 0.007
Int. 20170106 20170217: 0.006
Int. 20170131 20170212: 0.005
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Figure 9. On-fault CFF changes based on the slip distribution models of each event. In the upper panel, receiver source is Event 2 and in the lower panel
receiver source is Event 3. White polylines show in each case the slip distribution of the upcoming event.

(RA). Radar surface deformation processing was performed us-
ing SARscape software (https://www.harrisgeospatial.com/Softw
are-Technology/ENVI-SARscape). The digital seismic waveforms
were downloaded from the servers of the Hellenic Unified Seis-
mological Network (HUSN) and the eida-node operated by OR-
FEUS (www.orfeus-u.org/data/eida/nodes/). Catalogue data were
retrieved from national centres: the Geodynamic Institute of the
National Observatory of Athens (http://bbnet.gein.noa.gr), the Seis-
mological Station of the Aristotle University of Thessaloniki
(http://geophysics.geo.auth.gr). Faults in the main map of Fig.1
are from the Greek Database of Seismogenic Sources (GreDaSS)
(http://gredass.unife.it/). Information on Tuzla geothermal power
plant was retrieved from (http://www.endaenerji.com.tr). Part of the
figures were produced using the GMT software (Wessel & Smith
1998).
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S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at GJI online.

Table S1. Available focal mechanisms for other earthquakes of the
swarm, determined by moment tensor inversion (retrieved from the
database of the Geodynamic Institute of Athens (http://bbnet.gein
.noa.gr).
Table S2. InSAR results of non-linear inversions of Events 1, 2 and
3.
Table S3. Root mean square (rms) values of the non-linear and
linear Inversions for Events 1, 2 and 3.
Figure S1. Location of the seismological stations (red squares),
surrounding the tip of Biga Peninsula, whose records were used in
the moment tensor and finite-fault slip inversions.
Figure S2. The velocity model (after Novotný et al. 2001) adopted
in the calculation of the synthetic Green’s functions, required for
the (a) moment tensor inversions and (b) finite fault slip inver-
sions, using seismic waveforms. Regarding the material proper-
ties, we used values for the quality factor for the P and S waves
equal to Qp = 300 and Qs = 150, respectively for all layers above
the half-space, and Qp = 1000 and Qs = 500 for the half-space.
The densities (in gr cm–3) for the different layers were taken equal
to: [0–1 km] = 2.16; [1–2 km] = 2.56; [2–5 km] = 2.80; [5–
16 km] = 2.94; [16–33 km] = 2.98 and equal to 3.36 for the
half-space.
Figure S3. An example of a grid search for the best fitting focal
depth for Event 1, during the moment tensor inversion, based on the
variance reduction (%VR). The best solution is easy to depict, but
it is noted that for very shallow depths and for larger than ∼8 km,
the focal mechanisms tend to become strike-slip. This is quite com-
mon during moment tensor inversions for the broader western Ana-
tolia. In particular, there is usually a limited depth range, when
the solutions are stable—mainly pure normal faulting—with high
variance reduction, but for shallower and deeper depths, the fit
deteriorates and the solutions tend to become strike-slip. This is
observed to the waveform fits as published by other agencies as
well, using different inversion codes and velocity models. In other
words, the selection of the best solution (a pure normal versus a
strike-slip) sometimes is subjectable. This can be attributed to the
transtentional stress regime, or to inaccurate Green’s functions, or
both.
Figure S4. An example of waveform fit between observed (black
continuous lines) with synthetics (red dashed lines) for the moment
tensor solution of Event 1.
Figure S5. DInSAR result of the 4th seismic event, which indicates
a lack of a significant deformation signal.
Figure S6. Trade-offs and uncertainties of source parameters for
Event 1. For the estimation of uncertainties, interferograms with
realistic noise were simulated and were subsequently inverted for
the source parameters. The results were compared with the optimal
values found by our preferred solution. Scattered plots show the
trade-offs between the parameters. Red points indicate the optimal
values. The bottom histograms are the a postetiori probability dis-
tributions of the parameters. Black curves are showing the Gaussian
fit.
Figure S7. Trade-offs and uncertainties of source parameters of
Event 2.
Figure S8. Trade-offs and uncertainties of source parameters of
Event 3.
Figure S9. Observed, modelled and residuals of the InSAR non-
linear inversion of 20170125 20170206 and 20170131 20170206
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for the source of Event 1. Positive and negative signs mean, LoS
shortening and lengthening, respectively.
Figure S10. Observed, modelled and residuals of the InSAR non-
linear Inversion for the source of Event 2. Positive and negative
signs mean, LoS shortening and lengthening, respectively.
Figure S11. Observed, modelled and residuals of the InSAR non-
linear inversion of 20170206 20170212 for the source of Event 3.
Positive and negative signs mean, LoS shortening and lengthening,
respectively.
Figure S12. The non-linear solutions of Events 1, 2 and 3 (a) planar
view, (b) 3-D view.
Figure S13. Slip distribution uncertainties. For practical reasons,
we only show the diagonal values of the full variance–covariance
matrix of the model parameters. The distributed uncertainty gives
a qualitative idea of the parameter uncertainty, since off-diagonal
values (not shown) do not allow them to vary independently (i.e. for
the ith patch, the slip value si is not strictly si ± σ i).
Figure S14. Predicted (dashed lines) displacement broad band
waveforms, which were calculated using forward modelling and the
derived slip models (for Events 1 to 3) and their fit to the observed
(straight lines). The station code and the corresponding component

are shown above each plot. Component waveforms flagged with an
asterisk were not included in the inversion and are only shown here
for comparison.
Figure S15. As in Fig. S14 for Event 2. Component waveforms
flagged with an asterisk were not included in the inversion and are
only shown here for comparison.
Figure S16. As in Fig. S14 for Event 3. Component waveforms
flagged with an asterisk were not included in the inversion and are
only shown here for comparison.
Figure S17. Model that investigates the potential interaction of
the 2017 swarm with Edremit fault in terms of Coulomb stress
changes. Poisson’s ratio was 0.25 and coefficient of friction was set
to 0.4. The geometric parameters of the receiver fault of Edremit
was based on the 1944 event, strike: 74◦/dip: 46◦/rake: –114◦ (e.g.
Paradeisopoulou et al. 2010). Results do not appear to indicate a
significant stress loading.
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