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1. Introduction
Dominated by the interaction between the Arabian, 
Eurasian, and Nubian plates, Anatolia is one of the most 
seismically active continental regions of the world. While 
the North and East Anatolian fault zones that act as major 
boundaries between these plates are now very well known 
and studied, the comparatively short and mostly blind 
networks of normal faults that produce frequent moderate 
events especially in western Anatolia and the seismic 
hazards associated with them are still poorly understood. 
As evident from Figure 1, which shows the M > 5 events 
in the Aegean region for the year 2017, several moderately 
sized events occur every year on normal faults in the 
region, which could provide new insights if studied in 
detail.

The synthetic aperture radar interferometry (InSAR) 
technique is being used extensively for studying coseismic 
events in Anatolia since the 1995 Mw 6.4 Dinar earthquake 
(Wright et al., 1999). In the last two decades, in addition 
to studies focusing on the major earthquakes of 1999 in 
İzmit-Düzce (Çakir et al., 2003; Konca et al., 2010) and 
2011 in Van (Akoğlu et al., 2018 and references therein) 
and creep events along the North and East Anatolian 
faults (Cakir et al., 2005; Cavalié and Jónsson, 2014), 
InSAR has helped geoscientists study and document 
several previously unknown active faults of Anatolia and 
their corresponding parameters (Cakir and Akoglu, 2008; 

Dogan et al., 2014). However, the technique could not be 
applied to study M < 6 events, with the exception of the 
2007 Mw 5.7 Sivrice-Elazığ earthquake (Şentürk et al., 
2019), due to factors such as the long revisit times of the 
available radar satellites, decorrelation, and large baselines.

With the launch of the Sentinel constellation’s second 
radar satellite in 2016, now a revisit time of 6 days is 
possible for most of the active tectonic regions of the 
world, the Anatolian plate being one of them. Shortened 
revisit times and accurate orbits that are now possible with 
this new generation of satellites not only makes it possible 
to respond to earthquakes much faster than before, but 
also increases the chance of studying these moderately 
sized events onshore in detail due to the overall increase 
in interferometric coherence (Funning and Garcia, 2019). 

In this manuscript an InSAR-based analysis of one 
of these moderately sized events shown in Figure 1, the 
27 May 2017, Mw 5.2 Saruhanlı earthquake is presented 
making use of this rich Sentinel-1 archive. The main 
question regarding this event is the nodal plane ambiguity 
that arises from the fact that the epicentral region is 
surrounded by two adjacent parallel normal faults with 
only 5 km of distance between them. Yet another question 
arises due to the occurrence of four subsequent events 
within the first 24 h with magnitudes between 4.5 and 
5.0 in the very same region (Table 1). The manuscript 
starts with a brief introduction of the seismotectonics 
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of the epicentral region, followed by a description of the 
InSAR dataset used to address these questions. The text 
is concluded with a discussion of the resulting model, the 
causative fault, the calculated Coulomb stress changes, 
and the importance of InSAR for studying these moderate 
events for assessing the seismic hazard in the region.

2. Tectonic setting and the 27 May 2017 earthquake
The active tectonics of Anatolia and the adjacent regions 
are mainly controlled by the convergence of the Eurasian, 
Nubian, and Arabian plates (Reilinger et al., 2010; Jolivet 
et al., 2013). The postcollisional convergence of Anatolia 
and Arabia in the east and the Hellenic Subduction in the 
west forms the main boundary conditions of this actively 
deforming region (McKenzie, 1972). There are multiple 
suggestions explaining the deformation of the Western 
Anatolia Extensional Province (or the Anatolian-Aegean 
Region), including (a) the obstruction of the westward 
motion of Anatolia due to the southwesterly bend in the 
course of the North Anatolian Fault (Dewey and Şengör, 
1979; Şengör et al., 1985); (b) back-arc spreading caused 

by the S-SW rollback of the Hellenic Trench (Le Pichon 
and Angelier, 1979, 1981; Royden, 1993; Reilinger et al., 
2006, 2010; Le Pichon and Kreemer, 2010); (c) orogenic 
collapse, in which the extension started by the spreading 
and thinning of over-thickened crust (Seyitoğlu and Scott, 
1991; Seyitoğlu et al., 1992); and (d) combinations of these 
mechanisms (Koçyiğit et al., 1999; Philippon et al., 2014).  
The mean elevation has decreased from ~3 km to 500 m and 
has become submarine under the Aegean Sea, suggesting 
about 3 cm/year of lithospheric stretching since 11 Ma 
(Şengör and Zabcı, 2019). The total amount of extension 
was estimated to be on the order of 50% in the Aegean 
(McKenzie, 1978) and at least about 30% in western Turkey 
(Şengör, 1978). This extension has generated 6 major east-
west oriented rifts (Şengör and Zabcı, 2019). Detailed fault 
maps show that these major rifts form complex structural 
features, especially in their hanging walls, composed of 
cross faults (i.e. transfer faults, irrotational and rotational 
accommodation faults) that are oriented at high angles to 
the strike of the major normal faults (Şengör, 1987). In the 
Manisa region (Figure 2), where the May 2017 earthquake 

Figure 1. The focal mechanism solutions of the M > 5 earthquakes in western Turkey and the Aegean for the year 2017 providing an 
indication of the intensity and overall nature of the seismic activity in the region, emphasizing the importance of studying moderate 
events with InSAR. The solutions are from the Global CMT project’s catalogue (Ekström et al., 2012). The bathymetry is from the 
GEBCO 2019 grid (GEBCO Compilation Group, 2019). The focal mechanism solution of the 27 May 2017 Saruhanlı earthquake is 
shown in yellow. The red rectangle represents the area shown in Figure 2.
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Table 1. Source parameters of the mainshock and the two events that occurred on the following day (Figure 3). 
AFAD, Disaster and Emergency Management Authority of Turkey; GCMT, Global Centroid Moment Tensor 
Project (Ekström et al., 2012); GFZ: German Research Centre for Geosciences, Potsdam; INGV: Istituto Nazionale 
di Geofisica e Vulcanologia Regional Centroid-Moment Tensors Catalog (Pondrelli, 2002) USGS, U.S. Geological 
Survey. The discrepancy between the geodetic and seismic moments for the mainshock are discussed in the text.

Event Source Strike
(°)

Dip
(°)

Rake
 (°)

Depth
(km)

Mo
(1016 Nm) Mw

27/05/17 15:53
Mainshock

AFAD 135
298

36
55

–76
–100 5.1 4.87 5.1

GFZ 135
309

44
46

–85
–93 10 - 5.1

GCMT 125
304

46
44

–89
–91 12 7.23 5.2

INGV 123
319

43
49

–102
–79 10 - 5.2

USGS 123
301

32
58

–88
–91 5 4.79 5.1

This study 121 52 Free
(average: –87) - 18.1 5.47

28/05/17 02:50
Aftershock #1

AFAD 112
311

35
56

–106
–79 5.2 0.622 4.5

GFZ 129
315

47
43

–92
–85 10 - 4.6

28/05/17 02:52
Aftershock #2

AFAD 122
311

29
61

–98
–86 5.1 3.37 4.9

GCMT 291
131

36
56

–107
–78 12.3 2.36 4.8

GFZ 134
304

36
54

–81
–5 10 - 4.7

USGS 108
321

31
63

–119
–74 3 2.159 4.82

28/05/17 04:38
Aftershock #3 AFAD 130

287
34
58

–71
–103 7.1 0.602 4.5

28/05/17 11:04
Aftershock #4

AFAD 124
306

27
63

–92
–89 5.2 5.068 5.0

GCMT 132
290

41
51

–73
–104 12 3.9 5.0

GFZ 134
303

41
49

–81
–96 10 - 4.9

INGV 121
310

49
41

–96
–83 10 - 4.9

USGS 117
319

38
54

–107
–77 4 2.489 4.86

21/04/17 14:12
Manisa-Şehzadeler 
earthquake

AFAD 274
157

52
60

–141
–45 13.2 1.315 4.7

GCMT 300
125

36
54

–95
–87 12 5.69 5.1

GFZ 306
127

39
51

–90
–88 10 - 5.0
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took place, it is suggested that some of these high (or low) 
angle faults to the major rifts have formed within the stress 
regime of a larger tectonic belt, the sinistral İzmir-Balıkesir 
Transfer Zone (Özkaymak et al., 2013).

The 27 May 2017 earthquake took place at 18:53 
(GMT+3) near the Saruhanlı town of Manisa, in an area 
that is surrounded by the Ozanca Fault to the west and 
Gölmarmara Fault to the east (Figure 3). The aftershocks 
were also confined to the same area. These two normal 
faults, which were both added to the General Directorate 
of Mineral Research and Exploration of Turkey’s (MTA) 
active fault database in the last decade (Emre et al., 2013),  
trend in a NNW-SSE direction. The Gölmarmara Fault to 
the east is bounding the Gölmarmara basin that is part of a 
larger rift system, the Gediz Graben, which with the Küçük 
Menderes and Büyük Menderes grabens accommodates 
about 11 mm/year of extension in western Anatolia (Aktug 
et al., 2009). The Gediz Graben extends between Sarıgöl in 
the east and Salihli to the west (Figure 2), whereas west of 
Salihli, the whole system bifurcates into three subbasins, 
Kemalpaşa, Manisa, and Gölmarmara, respectively, from 

south to north (Özkaymak et al., 2013). The Gölmarmara 
Basin was previously studied using multispectral remote 
sensing, suggesting dominant NW-oriented lineaments 
within the region (Kavak, 2005; Kavak and Cetin, 2007). 
Recent geological field studies along the Ozanca Fault 
suggest that the NE-dipping high-angle fault is composed 
of three segments and has an oblique normal character 
(Eski, 2014; Altikulac, 2015). 

3. InSAR dataset
The SAR satellites Sentinel 1A and 1B of the European 
Union’s Copernicus Earth observation program, which 
were launched in 2014 and 2016, respectively, provide 
an extensive archive for Anatolia. Their improved revisit 
period of 6 days is essential for studying earthquakes in 
regions like western Anatolia, where signal coherence 
decreases dramatically with time due to agricultural 
activities.

After processing a series of interferograms using all 
the available Sentinel-1 data taken in the period 3 months 
before and after the earthquake, the pairs listed in Table 2 
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Figure 2. First close-up of the study area showing general tectonics of the study area with the focal mechanism solutions of the M > 5 
earthquakes since 1994. The solutions are from the Global CMT project’s catalogue (Ekström et al., 2012). The focal mechanism solution 
of the 27 May 2017 Saruhanlı earthquake is shown in yellow. The red rectangle represents the area shown in Figures 3 and 4. The black 
lines represent the faults from the active fault database of the General Directorate of Mineral Research and Exploration of Turkey (MTA) 
that was updated in 2013 (Emre et al., 2018). The black vectors are showing GPS velocities with respect to Eurasia (Aktug et al., 2009).
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that exhibit the minimum atmospheric contribution and 
the highest coherence were selected. The InSAR Scientific 
Computing Environment (ISCE) software (Rosen et 
al., 2015) is used to process the Sentinel-1 TOPS data 
with ESA’s precise orbits as well as a TanDEM-X digital 
elevation model for topographical correction that provides 
a spatial resolution of 12 m. The calculated interferograms 
are presented in wrapped form in Figure 4. The unwrapped 
interferograms are subsampled using the quad-tree 
algorithm (Jónsson et al., 2002).

The overall pattern of deformation is quite similar for 
the descending and ascending interferograms where a 
semicircular set of fringes to the east of the Ozanca Fault 
are visible as expected from a dip-slip earthquake. Whereas 
three clear fringes on the hanging-wall can be counted on 
the descending interferogram, four fringes can be counted 
on the ascending one, leading to a peak-to-peak line of 
sight (LOS) displacement of ~11 cm on the surface.

As documented by several studies, a significant 
remaining drawback of the InSAR technique for active 
tectonics studies is the occurrence of atmospheric delays. 
Spatial and temporal variation of pressure, temperature, 
and humidity between radar scenes can cause phase 
delays in the interferograms. Despite the effort to select 
pairs with the lowest atmospheric contribution, there 
are still visible tropospheric signals worth mentioning 
in the interferograms that can affect modeling. Two of 
the popular approaches to deal with tropospheric delays 
are empirical model corrections to remove topography 
correlated tropospheric delays and corrections based on 
global numerical weather models (Merryman Boncori, 
2019; Murray et al., 2019). As seen in Figure 4a, the 
descending interferogram, which was formed by radar 
scenes captured in the early morning, is less noisy with a 
signal mimicking the relief to the west of the Ozanca Fault. 
However, the elevation of the hill to the south (called 
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Figure 3. Second close-up of the study area with white lines representing the known active faults from Emre et al. (2018). The focal 
mechanism solutions are from the Global CMT project (Table 1) with the exception of aftershocks #1 and #3, where the solutions came 
from the Disaster and Emergency Management Authority of Turkey (AFAD) catalogue. Red solution denotes the mainshock. The gray 
circles represent the seismic activity from the same AFAD catalogue for 2017. The focal mechanism in blue and the related aftershocks 
in the bottom left corner of the image belong to the 21 April 2017 Mw 5.1 Şehzadeler-Manisa earthquake, which was not detected with 
InSAR owing probably to its reported depth, which is >10 km (Table 1, bottom row).

Table 2. SAR datasets used in this study. dT, Temporal baseline. 

Dates
(dd/mm/yyyy)

Orbit
direction Track dT

(days)
Wavelength
(cm)

19/05/2017 – 31/05/2017 Descending 36 12 C (5.6)
25/05/2017 – 31/05/2017 Ascending 131 6 C (5.6)
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Karadağ Hill or North Çaldağ High) is only ~300 m and 
a correlation between phase and topography could not 
be found. The ascending interferogram formed by radar 
scenes captured early in the evening is superimposed with 
a stronger atmospheric signal that too is not correlated 
with the topography. Since the epicentral area is quite 
small, numerical weather models were not helpful for 
correcting these delays. 

4. Coseismic model
For modeling, the analytical solutions of Okada (1985) are 
used to relate the InSAR measurements with dislocations 
along rectangular planes buried in a homogeneous and 
elastic half-space with constant material properties 
(Poisson’s ratio of 0.25 and a rigidity modulus of 30 
GPa). The modeling is performed in two stages and the 
methodology is similar to that of Akoğlu et al. (2018). In 
the first stage a simulated annealing nonlinear searching 
scheme followed by a derivative based method (Cervelli 
et al., 2001) is used to search for the fault geometry using 
a single fault with a uniform slip. In the second stage this 
fault is enlarged in both the strike and dip directions and 
then discretized into fault patches of 1 × 1 km. Through a 
linear inversion of the aforementioned subsampled set of 
InSAR measurements, a model with variable slip is then 

calculated. A nonnegativity constraint is applied for the 
linear inversion (Bro and Jong, 1997). Both datasets are 
given equal weights in the modeling and all parameters 
were set free except the width parameter that was given an 
upper bound of 5 km due to its trade-off with the dip-slip 
parameter. Even though the focal mechanism solutions 
from seismology indicate mostly a dominant normal 
mechanism for the earthquake, both dip and strike-slip 
components are solved for each fault patch. While it is 
generally a challenge to choose the right dip direction, 
especially for a Mw 5.2 earthquake, the distinct shape of 
the fringes that favor the mapped fault on the surface and 
the twofold increase in the overall root mean square values 
for a SW-dipping fault model aided in defining the dip 
direction of the fault.

The final model (Figure 5) suggests that a single 9 × 
9 km fault can adequately explain the coseismic surface 
displacements (Figures 4a–4f). The rupture occurred 
along the northeast-dipping nodal plane and is confined 
only to the first 7 km. There are 2 main slip patches, each 
having a maximum slip of 30 cm with a slight right-
lateral component. A dip of 52° provides the best fit to the 
ascending and descending InSAR data. 

To estimate the uncertainties of the model parameters 
a Monte Carlo-based analysis is used in which the 
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InSAR datasets are perturbed using random synthetic 
correlated noise. The noise characteristics are determined 
by calculating covariograms using data samples from 
the nondeforming regions of the interferograms. The 
1D covariance models, which are fitted to the sample 
covariograms, are used to generate 100 perturbed datasets 
that are then inverted to assess the uncertainties of the 
model parameters (Figure 6). This also helps to identify 
the trade-offs between the parameters. 

5. Coulomb stress changes
It is well known that static Coulomb failure stress (∆CFF) 
increase caused by an earthquake may trigger subsequent 
earthquakes on neighboring faults (e.g., Stein et al. 1997; 
Toda et al., 1998). Even though the Coulomb stress 
changes caused by earthquakes are relatively smaller than 
the tectonic stresses required for an earthquake, Coulomb 
stress changes as low as 0.1 bar can be sufficient to trigger 
earthquakes (King et al., 1994). The Coulomb stress, ∆CFF, 
is defined as ∆CFF = ∆t – μʹDs, where μʹ is the apparent 
coefficient of friction and ∆t and Ds are the shear and 
normal stress changes, respectively (Stein et al., 1992). 
While an increase of Coulomb stress change will promote 
failures, a decrease will suppress it. In order to reveal 
the static stress transfer by the 27 May 2017 earthquake 
to the nearby faults, faults mapped by Emre et al. (2018) 

are digitized and then the Coulomb stresses resolved on 
them are calculated using the variable slip model (Figure 
7). Coulomb 3.3 software (Toda et al., 2011) is used for the 
calculations assuming a fixed rake of –90 (i.e. pure normal 
faulting) and a coefficient of friction of 0.2 following 
Provost et al. (2003).

6. Discussion
As mentioned earlier, coseismic modeling shows that a 
single 9 × 9 km fault can adequately explain the geodetic 
data. The model fault’s up-dip trace coincides with the 
northernmost half of the Ozanca Fault at the surface, 
whereas the rupture did not continue on to the southern 
half of the same fault. The slip on the model fault plane 
occurs in two main slip patches and diminishes below a 
depth of 7 km (Figure 5a), which is compatible with the 
reported values of the AFAD and USGS moment tensor 
solutions (Table 1). The Ozanca Fault is listed in the 
updated Active Tectonic Fault Map of Turkey (Emre et al., 
2018) to have a dip of between 65° and 70°, slightly higher 
than the dip of the preferred model (52°). Since there were 
no field reports following the earthquake it is not possible 
to verify the ~10 cm of slip that the model resolves at the 
surface. There are no visible phase discontinuities in the 
interferograms indicating surface ruptures or triggered 
slip on nearby faults.
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The final model has a geodetic moment of 18.1 × 1016 
Nm corresponding to a moment magnitude of 5.47, which is 
higher than the seismological estimates for the mainshock. 
This discrepancy should be due to the fact that both the 
ascending and descending interferograms used in the 
modeling captured not only the main Mw 5.2 event on May 
27 but also the four subsequent events in the following day 
with magnitudes ranging from 4.5 to 5.0 (Figure 3; Table 
1). The cumulated seismic moments of the mainshock 
and these four aftershocks are almost equal to the geodetic 
moment obtained from InSAR, implying that the recorded 
seismicity can adequately explain the geodetically observed 
deformation. There are two main slip patches in our final slip 
model (Figure 5a), and the slip on each patch has a moment 
equal to a Mw 5.2 earthquake. It can be proposed that one of 
these patches could be due to these events that have occurred 
along the Ozanca Fault following the mainshock on May 27. 

As discussed earlier, the western (footwall block) 
side of the Ozanca Fault has a stronger atmospheric 
contribution than the eastern (hanging-wall block) side 
owing to the phase delays surrounding the Karadağ Hill. 
The descending model interferogram hints that part of this 
signal is due to the slip on the fault. This is the same for the 
ascending interferogram: the signal on the footwall block 
is overlapped with the phase delays due to the atmosphere.

Figure 6 shows the distribution of the model parameters 
and their uncertainties. There are apparent trade-offs 
between parameters like the depth and the dip-slip, width 
and the depth, and the strike and the location of the fault. 
The large width of the histogram for the dip parameter 
(Figure 6, bottom row) indicates that the parameter is 
poorly constrained with InSAR.

As seen in Figure 7, maximum Coulomb stress changes 
of over 1 bar occur on the unbroken sections of the Ozanca 
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Figure 7. Coulomb stress changes resolved on nearby faults that are digitized from the 
updated active fault map of Turkey (Emre et al., 2018). The beachball represents the 
focal mechanism solution of the 27 May 2017 Mw 5.2 Saruhanlı earthquake from the 
Global CMT catalogue (Ekström et al., 2012).
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Fault. Overall, the Coulomb stress change due to the 
earthquake increased the stress on all the neighboring 
faults, such as the Gölmarmara Fault to the east. However, 
note that on some of the faults the Coulomb stress change 
is both positive and negative, depending on the depth. 
While it is negative on shallow sections of some of the 
faults (e.g., those to the south), it becomes positive on the 
deeper parts.

With the introduction of the Sentinel-1 satellites, 
InSAR has become much more applicable for studying 
moderately sized events, especially the shallow earthquakes 
with a dip-slip mechanism such as the ones in western 
Turkey as emphasized in this study. InSAR-based studies 
focusing on the February 2017 earthquake sequence in 
the Biga Peninsula, Çanakkale (Ganas et al., 2018) and the 
April–November 2017 sequence in Ula, Muğla (Eskikoy et 
al., 2018) are other recent examples that took advantage 
of the improvement in the temporal coverage provided by 
the Sentinel-1 satellites to study the seismicity in western 
Turkey. Though deeper events like the 21 April 2017 Mw 
5.1 Manisa-Şehzadeler earthquake (Figure 3) will still 
not be detected, it is apparent that future InSAR-based 
studies will improve our understanding of the secondary 
faulting in the region and the seismic hazard associated 
with them. In addition, the possibility of joint inversions 
of both seismological and geodetical datasets could help 
to improve fault parameter estimations. It is also worth 
mentioning that the atmospheric delays will continue to 

be the main drawback to hamper coseismic slip modeling. 
Taking advantage of the rich Sentinel-1 archive time 
series-based approaches could be useful to eliminate the 
noise due to atmospheric delays.

7. Conclusions
Our fault model based on InSAR data from both the 
ascending and descending orbits of the Sentinel-1 satellites 
shows that the 27 May 2017 earthquake occurred along the 
northeast dipping nodal plane. The NW-SE striking normal 
fault’s up-dip trace coincides with the surface expression 
of the northernmost part of the Ozanca Fault; the rupture 
did not continue on to the southern segments. Modeling 
also shows that the coseismic slip during the May 2017 
rupture on the Ozanca Fault is confined only to the first 7 
km. Further detailed paleoseismological and geophysical 
studies are necessary to understand the Ozanca Fault’s past 
earthquake activity, the down-dip extent of the fault plane, 
and its relation with the neighboring faults.
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