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Abstract

Two devastating earthquakes of magnitude My 7.8 and My 7.5 hit Turkey
on February 6, 2023. The earthquakes occurred in the East Anatolian Fault
Zone, westwards of Gaziantep, Turkey. The quake was followed by intensive
aftershock activity. This study presents initial results from interferometric pro-
cessing of SAR data from the European Space Agency Sentinel-1 mission re-
vealing the affected area and the magnitude of the deformations that occurred
after the earthquakes. The produced maps are combination of data from sev-
eral sources. Data of the epicenters of the events are from EMSC!, and the
active faults are from EDAFZ2, both considered to be the driving forces of these
ground movements. SAR data were used to produce information showing the
actual surface displacements. It needs to be highlighted that the said informa-
tion reflects not the consequences of the single seismic event but the effect of
all earthquakes that took place in the investigated region between the dates of
registration by the SAR instrument. In this paper, the presented results are
only part of the larger set of interferograms and maps of the derived from them
vertical displacements.
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Introduction. The territory of Turkey represents a typical example of a
high seismic risk zone. Turkey is located between three large tectonic plates.
In terms of earthquake activity, this area is one of the most active areas. The
observed earthquakes are result of the collision of the Arabian and African plates
with Eurasia. Although the plates have different sizes in the region based on the
spatial distribution of seismicity, mostly three plate boundaries have an important
role — the African, Arabian, and Eurasian plates. The African and Arabian plates
to the south, and the Eurasian plate to the north, surround the Anatolian plate,
where Turkey is located. The movements between these three plates are the reason
for most of the activity in the region. For that reason, the Anatolian plate has
high seismicity. The Anatolian plate involves the North Anatolian Fault Zone
(NAFZ), the East Anatolian Fault Zone (EAFZ), and the Southeast Anatolian
Thrust Zone (SAT), which form the boundaries of the plate and the important
active fault segments throughout Western Anatolia [].

The East Anatolian Fault Zone is one of the most significant elements in
this tectonic area, outlining a left-lateral strike-slip plate boundary extending
between the Arabian and Anatolian plates in eastern Turkey. The proceeded
northward migration of the Arabian plate with respect to stable Eurasia since the
Miocene resulted in the westward extrusion of the Anatolian plate along the North
and East Anatolian Fault Zones, respectively [%|. This structure presents a plate
boundary expanding over 500 km between the Arabian and Anatolian plates [].
The observed plate motion, with slip rates varying from 6 to 10 mm/yr, has
resulted in destructive earthquakes in eastern Turkey, as documented by historical
records.

In 1969 ALLEN [4], first defined the EAFZ, and according to other authors [?|,
this structure extends from the Karliova triple junction, where it attaches the
North Anatolian Fault Zone to the southwest for about 600 km to the Kahra-
manmaras triple junction near Antakya. The fault zone attaches to another fault
structure — the Dead Sea Fault Zone [6]. There is data that the structure was
formed between the Late Miocene and Early Pliocene [%].

There is a historical record of destructive M > 7 earthquakes in eastern Turkey
as a consequence of sliding along the fault. In the last century, only one major
earthquake was recorded around the structure (on December 4, 1905; M = 6.8) [].
Historical and instrumental records show major differences between historical and
current seismicity, respectively. The main known earthquakes in the area occurred
on November 29, 1114 (M > 7.8), March 28, 1513 (M > 7.4), and March 2, 1893 (M
> 7.1), respectively [8]. CETIN et al. [?] considered apparent seismic attenuation
throughout the zone to indicate the possibility that the fault is currently locked.

Figure 1 presents earthquakes with moment magnitude My > 4.0 generated
in the Anatolia region during the period 1900 to 2012 and active faults of Turkey,
where the North Anatolian Fault Zone and the Eastern Anatolian Fault Zone are
illustrated (in that zone the main earthquakes with My 7.8 are registered).
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Fig. 1. Spatial distribution of recent seismicity inltohe Anatolia region during the period 1900 to
2012 [7]

On February 6, 2023, an earthquake of My 7.8 hit The East Anatolian
Fault Zone ['!]. The earthquake epicenter was located westwards of the city of
Gaziantep, Turkey, and its focal depth reveals a shallow event. The earthquake
was largely felt on the territory of Turkey and neighbouring countries: Greece,
Bulgaria, Romania, and Croatia. The main shock triggered a destructive after-
shock within the same fault zone, at a distance of 100 km further north with
moment magnitude My 7.5. These earthquakes caused extensive primary and
secondary effects on the environment, including surface ruptures, ground cracks,
liquefaction phenomena, and hydrological anomalies, causing extensive impacts
on networks and infrastructure [*2]. For one week after the main earthquake, the
aftershock sequence included more than 3400 seismic events.

Ten days after earthquake, the Disaster and Emergency Management Pres-
idency (AFAD) has reported 38044 human casualties, while over 160000 people
have been evacuated from the 10 earthquake-affected provinces. In Syria, over
5000 human casualties have been reported and these numbers are expected to
increase as the search and rescue operations have reached their completion ['2].

UTKUCU et al. [*3] considered the stress background of the 2023 earthquakes
to search for stress interactions of those earthquakes with the earthquakes in the
past. Coseismic stress change calculations indicate that the stress changes caused
by the earthquake with magnitude Mw 7.8 is considered to rupture the 1114,
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1513, and 1822 earthquake rupture segments and triggered event with magnitude
My 7.5, estimated to rupture the 1544 earthquake rupture segments.

Method. The Differential Interferometry Synthetic Aperture Radar (DIn-
SAR) technique was used to produce the results provided in this paper. Imple-
menting it the vertical ground movements of an area of the studied event can be
measured with centimeter accuracy. The source data for producing interferograms
are from synthetic aperture radars (SAR), most often onboard satellites or planes.
Those systems emit linearly polarized highly coherent electromagnetic waves at
precise wavelength A to the Earth’s surface and register the signal backscattered
from it. The time interval between sending and receiving the radar signal corre-
sponds to the distance to the objects on the surface. This principle of the SAR
data registration is presented in Fig. 2. It is seen that the SAR acquisition geom-
etry is oblique, side-looking, with the look angle denoted by 6, which is the angle
between the nadir and antenna line-of-sight (LOS) directions.

The SAR data registered by the instrument consists of a matrix with com-
plex values of a single footprint area on the surface (also called a ground element).
Thus, all footprints in range and azimuth directions form an image. The real part
of a single matrix element corresponds to the amplitude of the reflected signal,
while the imaginary part represents the phase of it. In order to process the SAR
data further their preliminary processing is an essential step, which performs in-
ternal calibration, takes into account the Doppler shifts, improves the spatial
resolution in range and azimuth. It should be pointed out that single complex
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Fig. 2. Geometry of SAR data acquisition (as in [14])

C. R. Acad. Bulg. Sci., 76, No 4, 2023 557



SAR image cannot provide any useful information about the position of the ob-
jects within the ground element. To obtain the difference in position of the said
objects, two images from almost the same position of the satellite denoted by H
are needed to form an interferometric image, but from different dates. This new
image delivers information for the deformations occurred on the surface in this
time interval in LOS of the antenna, but in it, there is a part that reflects the un-
derlying topography, too. The contribution of the underlying terrain in the phase
signal is removed by creating a differential interferogram between the registered
values and an interferogram computed from an external digital elevation model.
A crucial step in obtaining the values for the occurred surface displacements is the
transformation of the phase values from [—7; 7| interval to multiples of 7 known
as phase unwrapping. Since this procedure is not straightforward, fine-tuning its
parameters in several iterations is necessary. After the unwrapping conversion, the
integer multiples of 7 should be transformed into metric unit displacements in the
line of sight of the instrument. The last essential procedure is the transformation
of the displacement map from radar geometry to a specific datum.

Data. In the framework of the present study, the SAR instrument located on
board the Sentinel-1 satellite, maintained by the European Space Agency (ESA),
registered the used data. The data is in the form of pre-processed and calibrated
data products in Single look complex (SLC) format delivered by the ESAs’ In-
strument Processing Facility for further thematic processing. In those products,
the included images have complex values that represent the amplitude and phase
of the backscattered signals from the Earth’s surface, which, together with the
relevant metadata, form a single SAR product.

The produced information that reveals the deformation values is based on
SAR data from the constellation consisting of two satellites (A and B) of the
Sentinel-1 mission, which are freely distributed by ESA through a dedicated online
data archive or other mirrored data repositories [1*16]. Each satellite has a repeat-
pass period of 12 days, meaning that the same part of the Earth’s surface is imaged
every 6 days by one of the two satellites, as they are 180° apart in the orbital plane.
The main equipment of each of the two satellites is C-band radar (corresponding to
an electromagnetic wave at 5.56 cm in length). The antenna of the instrument has
right-oriented LOS regardless of the direction of the current orbit of the satellite —
ascending or descending. The main mode for SAR data registration of Sentinel-1
is the Terrain Observation by Progressive Scans (TOPS).

Interferometric processing implies the usage of SAR data registered in Inter-
ferometric Wide (IW) mode and processed to SLC products since in this type of
product, not only the amplitude of the signal reflected from the Earth’s surface is
included, but also its phase. The phase signal is crucial because, after appropriate
processing, it provides information about changes in the distance to the observed
objects from the Earth’s surface to the position of a satellite at each pass over the
investigated area [1718].
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Fig. 3. The interferometric image from the descending orbit 21 track numbers from 29 Jan 2023
to 10 Feb 2023

In this research, SAR data from the tracking number of the descending orbit
is 21, and the track numbers of the ascending orbits are 14 and 116 because the
researched area was imaged by both tracks. The acquisition dates for orbit 21
span from January 29, 2023 to February 10, 2023. The interferogram presented in
Fig. 3 was produced by DInSAR processing method. Since the data of ascending
orbit 116 have not been provided in the ESA to the moment the paper was in
preparation, they could not be processed together with those from orbit 14. This
fact prevented to produce information that overlapped the study area where the
studied event produced surface disruptions.

Results. In this paper, the deformations of the Earth’s surface after the
earthquake sequence from February 6, 2023 in Turkey were estimated via interfer-
ometric processing of SAR data. The produced results are in the form of wrapped
interferometric images (see Fig. 3), where the interferometric fringes provide in-
formation about the displacements that have been produced by the event. It
needs to be pointed out that each of the fringes corresponds to a displacement of
28 mm along the line of sight (LOS) of the satellite. The interferometric fringe
is represented with a gradient of colours from a specific colour palette reaching
the same colour from which it started — for example, from yellow to yellow. The
density of the interferometric fringes for a single measurement unit (e.g., 50 km)
in LOS reflects the displacements of the Earth’s crust for this unit.

5 C. R. Acad. Bulg. Sci., 76, No 4, 2023 559



39.5

39.0

385

38.0

=7 "\l

375

\

37.0

36.5

I M’. | 4
//» / ( 0] 25 }\

L W — I é 355
.5

6.0 36.5 37.0 375 38.0 385 39.0 39,

Fig. 4. Map of vertical displacements registered after the coseismic event on February 6 deter-
mined by the DInSAR technology

In order to demonstrate the origins of the studied event in Fig. 3 and Fig. 4,
additional sources of data were used too. One of them is the main faults located
in the zone being represented by black lines in the same figures ['%], and as it is
seen, the displacements registered from SAR data are concentrated in them. The
points show the location of all earthquakes with a magnitude greater than 3.0
recorded by EMSC [?Y] during the period 06.02.2023-12.02.2023.

The interpretation of the results shows the vertical displacements (the colour
scale in Fig. 4), which, expectedly, are concentrated in the areas around the main
faults in the area.

Coseismic displacement of the February 6, 2023 earthquake by processing
InSAR observations from C-band Sentinel-1 data along descending orbit was de-
rived. The research interest, in this case, was provoked by the fact that the precise
orbits of the satellite normally are made available by the authority managing the
ground segment of the satellite for a wider audience about a month after the
data acquisition, and until then only the restituted orbits are available. Multiple-
looking geometry from InSAR helps in resolving displacement in the LOS of the
earthquake and vertical deformations.

Conclusion. This study shows the initial results of the recorded ground
deformations that occurred after the devastating earthquakes in Turkey and Syria
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and the size and extent of the affected area determined by the DinSAR method.
The interferometric phase and range pixel offset data completely cover the faults
area that is based on the earthquakes. InSAR method facilitates mapping the
surface of the earthquake faulting. The length of the surface rupture is found to
be more than 350 km using InSAR observations because it falls along two SAR
images. The InSAR technology provides an alternative tool to ground observation
in the study of earthquake deformation. DInSAR is highly complementary to the
ground observations in the field and covers the entire fault with good resolution
and moderate precision.
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