ISSN 1028-334X, Doklady Earth Sciences, 2023, Vol. 511, Part 1, pp. 571—577. © The Author(s), 2023. This article is an open access publication, corrected publication 2023.

Russian Text © The Author(s), 2023, published in Doklady Rossiiskoi Akademii Nauk. Nauki o Zemle, 2023, Vol. 511, No. 1, pp. 71-77.

SEISMOLOGY

The February 6, 2023, Earthquakes in Turkey: A Model
of the Rupture Surface Based on Satellite Radar Interferometry

Corresponding Member of the RAS V. O. Mikhailov¢, 1. P. Babayantz?, M. S. Volkova“*, E. P. Timoshkina“,

V. B. Smirnov*“, and Corresponding Member of the RAS S. A. Tikhotskiy*
Received March 27, 2023; revised March 28, 2023; accepted March 28, 2023

Abstract—Two strike—slip faults, displacements along which caused the catastrophic earthquakes in Turkey
on February 6, 2023, were mapped from satellite radar interferometry data. According to the satellite data,
the relative displacements of the sides of the East Anatolian Fault Zone (EAFZ), with which the first event
of M,, 7.8 was associated, exceeded 5 m in the central segment. The rupture surface extends from the area of
the Doganyol-Sivris earthquake M,, 6.7 of January 24, 2020, in the north to the Mediterranean coast in the
south, where the earthquake M,, 6.3 occurred on February 20, 2023. The second event M,, 7.5 is associated
with the Surgii-Cardak fault; the relative displacements of its sides, according to satellite data, exceeded 7 m.
The obtained displacement fields of the Earth’s surface were used to construct a model of the seismic rupture.
This model was worked out on the basis of the Pollitz, 1996 solution, which defines displacements on the sur-
face of the spherically stratified planet as a result of along dip and strike displacements on a rectangular rup-
ture located inside the sphere. Ignoring the spherical stratification of the planet leads to errors of up to 20%,
especially in the presence of a large strike—slip component [5]. Ignoring sphericity also causes an error, when
using the solution obtained for an elastic homogeneous half-space, as the US Geological Survey (USGS) has
done, in modeling the seismic rupture for earthquakes in Turkey in 2023. Our model differs in the detailed
consideration of the fault geometry. For this purpose, the faults were approximated by 19 planes along the
strike, divided into two levels along the dip. In our rupture model strike—slip displacements in the central seg-
ment of the EAFZ reached 12.7 m. In the southern segment of this rupture, the displacements are much
smaller. It should be emphasized that we registered the displacements for the period from January 29, 2023,
to February 10, 2023; therefore, together with co-seismic ones, they also include post-seismic displacements
for four days after the main seismic events. The displacements on the rupture surface along the Surgii-Cardak
Fault, where the M,, 7.5 earthquake occurred, were up to 10 m. The results demonstrate, in particular, the
efficiency of application of the satellite radar interferometry in the operative study of catastrophic geody-
namic phenomena and processes.
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INTRODUCTION

On February 6, 2023, a series of catastrophic earth-
quakes occurred in southern Turkey near the border
with Syria. The first earthquake of M,, 7.8 (U.S. Geo-

logical Survey (USGS) data') was recorded at 01:17:34
(UTC). The coordinates of the hypocenter were deter-
mined as 37.225 N, 37.021 E, 35 km to the west of the
city of Gaziantep (at the border of Kahramanmaras

! https://earthquake.usgs.gov/earthquakes/.
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Province) at a depth of 17.5 km. The epicenter is
located on a small fault (the red star in Fig. 1, the posi-
tion of faults is given from the database [1]), which
extends to the southwest from the East Anatolian Fault
Zone (EAFZ). According to the USGS, the rupture
surface reached the EAFZ and moved to the northeast
and southwest over more than 100 km in both direc-
tions. After nine hours, at 10:24:49 (UTC), a second
big earthquake of M,, 7.5 occurred on the fault called
Stirgii-Cardak [2] with the epicenter at 38.024 N,
37.203 E in the area of Ekinozi settlement (Ekinozii,
Kahramanmaras Province), approximately 90 km to
the north of the first event (the yellow star in Fig. 1).
The hypocenter of the second event was determined to
be at the depth of 13.5 km. The data on the magnitude
and coordinates of hypocenters of different seismolog-
ical centers differ slightly. For instance, the GCMT
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Fig. 1. The field of displacements in the direction perpendicular to the orbit (orbital azimuth 189°). Displacements are repre-
sented in meters, positive in the easterly direction. The faults were plotted using the database of active faults [1]. According to [2],
the Siirgli-Cardak Fault has a northward dip and the EAFZ dips to north-west with an angle of 80°. The displacements along the
profiles, marked with numbers 1—3, are shown on the left, where the horizontal axis shows the distance in map units. The profile
number on the map corresponds to its right end in the profile on the left.

(Global Centroid Moment Tensor?) estimates the
magnitudes of the earthquakes as M,, 7.8 and 7.7 with the
epicenters at (37.56 N, 37.47 E) and (38.11 N, 37.22 E).
These earthquakes and their numerous aftershocks
located in the zone of East Anatolian Fault covered 11
provinces of the region with a total area of 108 812 km?
and became the most destructive in the history of the
country (data of the Ministry of Emergencies of the

Turkish Republic—AFAD?). The earthquakes caused
surface ruptures and fractures, with predominating
left-lateral strike—slip displacements. According to the
AFAD data, the total length of surface ruptures of the
first earthquake was 290 km, the maximum strike—slip
displacements reached 5.5 m at the area west of Cigli’ to
the settlement of Tiirkoglu. The rupture, as a result of
the second earthquake, extended for 130 km. In the
area north of Golbasi to the settlement of Barysh, the
maximum displacement was up to 6 m. Subsequently,
rockslides, landslides, and soil liquefaction were also
observed. The event of February 6, 2023, is recognized
as one of the most catastrophic since the beginning of
the 21st century because of the large-scale cata-
strophic destruction of residential buildings and con-

2 https://www.globalcmt.org/CMTsearch.html.
3 https://deprem.afad.gov.tr/home-page.
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structions. It ranks fifth in the number of human casu-
alties. According to USGS, the number of dead and
injured exceeded 160000; 1.5 million people were left
homeless, and more than 164000 buildings were
destroyed.

In terms of tectonics, the EAFZ is the boundary
between the Anatolian and Arabian plates. The rate of
relative displacement of the Arabian Plate ranges from
6 mm/year in the southern part to 10 mm/year in the
northern part of the East Anatolian Fault Zone.

Due to the enormous destruction and loss, detailed
geological study of such an extended focal zone will
not be possible very soon. Under these conditions,
various satellite data, including satellite radar interfer-
ometry, are of significant help.

METHODS AND RESULTS

Satellite synthetic aperture radars (SAR) make it
possible to imaging the Earth’s surface regardless of
weather and illumination with a spatial resolution of a
few meters. The images from the Sentinel- 1A satellite
used in this work, have dimensions of 200 x 250 km?.
Joint processing of a pair of images of the same terri-
tory makes it possible to determine the displacements
of the reflecting objects on the Earth’s surface during
Vol. 511
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the time between repeated imaging. The radar image
contains information about the amplitude and the
phase of the radar signal reflected from a resolution
element on the Earth’s surface. The analysis of the
phase difference of radar signals, received during
repeated imaging of the same object, allows us to
determine its displacement in the direction of radar
signal propagation, i.e., in the direction to the satellite.
Due to the fact that the changes of phases are regis-
tered in range from —7 to T, it is necessary to recon-
struct the full phase of the reflected signal. This oper-
ation is called phase unwrapping and consists in add-
ing the necessary number of full periods to the
recorded phase. The phase unwrapping is an ambigu-
ous operation, so it is conducted under the condition
that the phase must not change by more than half a
period in neighboring elements of resolution. For this
reason, it is difficult to unwrap the phase in the areas
of large displacements, in particular near the seismic
rupture, where the displacements may be meters or
more. This method gives an accuracy of the displace-
ment estimation of a few centimeters [3].

There is also the method of offsets, which is applied
in cases of large displacements. It consists in identify-
ing the same elements of resolution in the field of the
amplitude of the reflected signal. The offsets by this
method are estimated at the subpixel level, with a pixel
size of a few meters. The accuracy of this method is
lower than that of the reflected signal phase analysis,
but it allows us to carry out estimations consistently in
the areas where displacements reach several meters or
more. The offset method allows us to estimate dis-
placements perpendicular to the orbit (in the range)
and parallel to the orbit (in the azimuth of flight of the
satellite). These offsets are close to the northward and
eastward offsets, because the orbit of the Sentinel-1A
satellite deviates from the north-south direction by not
more than ten degrees.

To estimate the displacements, we used SAR
images from Sentinel-1A taken from the ascending
and descending orbits before and after February 6,
2023. The most distinct picture is obtained in the dis-
placements in the range from the descending orbit
with the azimuth of 189° on the basis of the images
from January 29 and February 10, 2023 (Fig. 1).

Let us denote the angle between the strike of the
fault and the orbit of the satellite by 3. Then the dis-
placements of the reflecting object perpendicular to
the descending orbit (R), along its azimuth (A4z), and
in the direction to the satellite (U,,) (positive to the
east, north, and to the satellite), will be equal:

R=Ugsin(B), Az=Ugcos(p),

Uyps = U,,cos(8) + Rsin (0).
Here, U is the amplitude of strike—slip displace-
ments and U,, is the amplitude of vertical displace-

ments on the fault sides; 0 is the incidence angle of the
radar emission.

(1
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The relative displacements of the Siirgii-Cardak
Fault sides extend up to 7 m in the range. They are
close to the amplitude of strike—slip displacements on
the fault, because the fault strike is almost perpendic-
ular to the descending orbit, i.e., B is close to 90°. The
displacements in the range at the EAFZ are smaller
than the strike—slip displacements on the fault,
because P varies from from 10° to 70° for different fault
segments. In the area of profile 2 (Fig. 1), the range
displacements on the EAFZ exceeded 4 m. Taking
into account the angle between the satellite’s orbit and
the fault strike, which is 53° in this area, the relative
displacement of the sides here exceeded 5 m (Eq. (1)).

Displacements in the direction of satellite flight
from the ascending and descending orbits, as well as
the displacements in the range from the images from
the ascending orbit, were also obtained. The maps of
these offsets match well. They will be analyzed in a
more detailed publication. Figure 2 shows the dis-
placements toward the satellite U, (Eq. (1)) obtained
from a pair of the same images.

In general, the maps of displacements agree well
with each other (taking into account the fact that the
amplitude of the displacements to the satellite,
according to Eq. (1) in the absence of the vertical com-
ponent U,, differs from the displacements in the range
in sin(0) = sin(38°) = 0.615 times). This indicates a
significant predomination of the strike—slip compo-
nent over the vertical displacements. The only signifi-
cant divergence is observed on the EAFZ in the area of
profile 5 in Fig. 2, where the area of positive displace-
ments in the satellite direction is located on both sides
of the EAFZ, whereas on the map of displacements in
the range (Fig. 1), the displacements change sign
when crossing the EAZF. The Golbasi sedimentary
basin is located in this area [4]. The discrepancy may
be due to the presence of the vertical component U,
which is included in the displacements toward the sat-
ellite, but is not included in the displacements in the
range. It should also be taken into account that the
coherence in this area is low due to the steep moun-
tainous relief and because of the presence of several
large water bodies. This could lead to errors in the
phase unwrapping. The divergence of the maps of dis-
placements in this area requires detailed study.

Let us note the displacements along profile 4 in
Fig. 2, which crosses the fault, where the seismic rup-
ture began and along which the deformation propa-
gated to EAFZ. The displacements here are relatively
small, and contain strike—slip and possibly thrust
component.

MODEL OF THE RUPTURE SURFACE

The field of displacements in the range was used to
plot a model of the rupture surface. For this purpose,
the Siirgii-Cardak Fault was divided into four ele-
ments along its strike, and the EAFZ was divided into
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Fig. 2. The displacements (in meters) calculated using the paired interferogram of the Sentinel-1A satellite images from the
descending orbit on January 29 and February 10, 2023. The green line is the boundary between the negative and positive displace-
ments obtained by the offset method (Fig. 1). The plots of displacements along the profiles, marked by numbers, are shown on
the left. Stars are the epicenters of the strongest earthquakes and aftershocks with magnitude more than 4 for the period between

radar images.

15 elements (Fig. 3), including seven elements in its
southern part with a south-southwesterly strike, and
eight elements in its northern part with a west-south-
westerly strike. The rupture on the Siirgli-Cardak
Fault was given from a depth of 0.5 to 20 km with a dip
northward at an angle of 80°. At EAZF, the depth of
the upper edge was given as 1 km; the lower edge was
given as 20 km with a dip northwestward at an angle of
85° according to [1, 2]. The small rupture from which
the earthquakes began was not included in the model
at this stage. In terms of depth, the models are divided
into two levels of equal length along the dip. The solu-
tion was found under the condition that the displace-
ments were close to pure strike-slip. We used a model
of displacements on the surface of a spherically strati-
fied planet as a result of a slip along the dip and strike
on a rectangular cut located at a given depth [5]. The
methodology for solving this problem is described in
detail in [7].

In the model of the rupture surface shown in Fig. 3,
arrows indicate the directions of displacements on a
hanging wall of the fault. For the EAFZ, a dip was
given to the northwest at an angle of 85°; however, the
results change little if the dip is given to south-east at

DOKLADY EARTH SCIENCES

the same angle. It should be noted that the seismolog-
ical data (USGY) indicate that the focal plane parallel
to the EAFZ dips to the southeast, but the geological
data [1, 2] indicate that it dips to the northwest.

In the southern segment of the EAFZ, the dis-
placements increase monotonically from south to
north. The displacements in the upper part of the rup-
ture are greater than in the lower part, except for the
southernmost element, in the lower part of which the
displacements were 3.5 m, and in the upper part, less
than 0.5 m. This is where the earthquake of M, 6.3
with the hypocenter located at a depth of 11.5 km
occurred on February 20, 2023, after the period cov-
ered by the SAR images.

Further northward, the amplitude of the displace-
ments in the upper part of the southern segment of the
seismic rupture increased to 5.6 m; in the lower part of
the rupture, their maximum did not exceed 3.4 m.

In the central segment of the EAFZ, where its
strike turns to west-southwesterly, the displacement
amplitude at the seismic rupture increases signifi-
cantly. The displacements in the upper part of the rup-
ture in some places exceeded 8 m, and in the lower
Vol. 511
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Fig. 3. The model of the rupture surface of the February 6, 2023, earthquake based on the SAR interferometry data. The color
map shows the displacements of the Earth’s surface (cm), determined by the offset method from the images of the descending
orbit. Black isolines are the displacements of the Earth’s surface calculated from the model. Black rectangles show the rupture
surface in the vertical section, with the displacements at the upper and lower levels. The maximum length of an arrow is 12.7 m
in the middle part of the northern segment of the EAFZ. Dark red lines are profiles through the rupture area. The SAR data (red)

and model fit (blue) for these profiles are shown on the left.

part, on one of the elements, the displacements were
up to 12.7 m. Further northward, the displacements
decreased, but still at the lower level of the northern-
most segment, they were up to 5 m. This area reaches
the seismic rupture of the Doganyol-Sivrice earth-
quake M, 6.7 January 24, 2020, according to the
model of this event published on the USGS website.

The distinct strike—slip displacements occurred on
three eastern segments of the rupture along the Siirgii-
Cardak Fault, and on its western segment, where the
rupture turns southward, a thrust component is added
(Fig. 4). The displacements in the upper part of the
rupture increase from east to west. In the lower part of
the rupture, more intense displacements occurred in
the eastern part.

DISCUSSION AND CONCLUSIONS

The SAR interferometry data allowed us to map
two strike—slip faults, displacements on which caused
the earthquakes of magnitude 7.8 and 7.5. The first
event is attributed to the East Anatolian Fault Zone.
The relative displacements in range in the area of pro-
file 2 (Fig. 1) exceeded 6 m according to the satellite
Vol. 511 2023
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data. The rupture surface extends from the area of the
Doganyol-Sivrice earthquake of M, 6.7 on January 24,
2020, in the north to the Mediterranean Sea coast in
the south, where the earthquake of M,, 6.3 occurred on
February 20, 2023. The maximum relative displace-
ments of the sides of the Siirgli-Cardak Fault according
to the SAR-data were estimated at 7 m.

Data on displacements of the Earth’s surface were
used to construct the model of the seismic rupture sur-
face. The model was worked out on the basis of the
solution in [5], where formulas were obtained for cal-
culating the displacements on the surface of the spher-
ically layered planet as a result of displacements along
dip and strike on a rectangular cut located inside the
sphere. It is important that ignoring the spherical lay-
ering of the planet, according to [5], leads to errors up
to 20%. The largest errors occur in the presence of a
large strike—slip component. Ignoring sphericity also
introduces an error when using a solution within ide-
alization of the elastic homogeneous half-space [6], as
the USGS did in design the seismic rupture models for
the earthquakes in Turkey in 2023.

The difference between our model and the USGS
one is in the more detailed geometry of the seismic
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Fig. 4. Model of the rupture surface of the February 6, 2023, earthquake on the topographic map based on data from the website
of the US National Center for Environmental Information.* The black line is the projection of the planes approximating the rup-
ture surface to the day surface; red lines are the faults in the database [1]. Blue arrows are displacements in the upper level; red

arrows are displacements in the lower level.

rupture surface. For this purpose, we approximated
the rupture by 19 planes along the strike, divided into
two levels along the dip. According to our model,
strike—slip displacements on the central segment of
the seismic rupture along the EAFZ reached 12.7 m.
In the southern segment of this rupture, the displace-
ments are considerably smaller. It should be empha-
sized that we recorded the surface displacements of the
Earth’s surface for the period January 29, 2023, to Feb-
ruary 10, 2023. Therefore, they include also post-seis-
mic displacements for four days after the main seismic

events.

The rupture surface model, published on the
USGS website, similarly to our model, shows that the
displacements increase from south to north at the
southern end of the EAFZ and are generally concen-
trated in the upper part of the seismic rupture to a
depth of 12—14 km. At the southern end of this rup-
ture, the displacements in our model are slightly

4 https://www.ngdc.noaa.gov/.
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larger. The USGS model also has an area of intense
displacement at the top of the central segment of the
rupture along the EAFZ. The displacements in both
models go deep in the area in which we have obtained
displacements greater than 12 m, although the ampli-
tude of the displacements in the USGS model does
not exceed 5 m here.

In the USGS model on the Siirgii-Cardak Fault,
the seismic rupture, just as in our model, goes down to
a depth of 20 km, and the displacement amplitude
extends up to 12 m.

The results once again show the efficiency of appli-
cation of satellite radar interferometry in studying geo-
dynamic processes.
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