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Abstract: Numerous significant earthquakes have occurred along the North Anatolian Fault Zone (NAFZ), Tiirkiye’s most important
fault zone. An earthquake with magnitude of Mw 6.0 occurred near the Gélyaka District of Diizce Province at 04:08 local time on
November 23, 2022. According to the moment tensor solutions published by national and international seismology centers, the
earthquake occurred at the northeast end of the Karadere segment within the NAFZ and was caused by a right-lateral strike-slip fault in
the NW-SE direction. In this study, the differential interferometric synthetic aperture radar (InSAR) method was employed to analyze
the deformation. Four Sentinel-1A complex datasets were used, two of which were ascending (2022/11/15 and 2022/11/27) and two of
which were descending (2022/11/14 and 2022/11/26) pre- and postearthquake, to determine the deformation that occurred after the
earthquake. In addition, surface deformation movements in both the east-west and vertical directions were calculated using these two
data sets. Elastic dislocation modeling was performed by applying linear and nonlinear inversion to determine slip distribution related
to the fault structure, using the displacement amount obtained from DInSAR results and data obtained from the Global Centroid
Moment Tensor (GCMT) catalog. Based on the findings from the DInSAR analysis, subsidence of approximately 5 cm and eastward
movement of 8 cm were detected on the northern block of the Diizce segment. This right-lateral movement corresponds to an area of
approximately 105 km? northwest of the Diizce segment. On the southern block of the Diizce segment, elevation of about 3 cm and
westward movement of about 3 cm were observed. Elastic dislocation modeling shows that the observed deformation model can be
explained by slip on a single planar fault for the Golyaka-Diizce earthquake. A right-lateral strike-slip fault with northwest dip was
observed, extending down to a slip-centroid depth approximately 9.2 km within the upper crust region. The elastic slip modeling in this
half-space resulted in a slip of 0.35 m, Mw of 6.1, strike of 264°, dip of 66°, and rake of —165°. This study reveals that the Diizce segment
was the location where the earthquake occurred, but it is also believed that the Karadere segment was impacted by this seismic event.
Overall, the study provides information about the occurrence of the Golyaka-Diizce earthquake, subsequent deformation, and the
elastic fault model in half-space.
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1. Introduction the alluvial plain deposits where the Karadere segment

The Golyaka-Diizce earthquake occurred approximately
16 km west of Diizce city, along the northern branch of
the North Anatolian Fault System (NAFS), with right-
lateral strike-slip motion on November 23, 2022 (Figure
1) (AFAD, 2022). From 04:08 GMT on November 23,
2022, to 08:00 GMT on November 25, 2022, a total of 220
aftershocks occurred in the region, two of which were
larger than magnitude 4 (KOERI). In preliminary studies
after the earthquake, Ozalp et al. (2023) reported that no
surface rupture was observed associated with the fault that
caused the earthquake, but earthquake-related surface
deformations of lateral spreading type were observed on

intersects with the Biiyiik Melen River. Sozbilir et al.
(2023) determined the earthquake to be 6.1 Mw with a
south-dipping strike-slip motion in their tensor solutions.

In this investigation, we conducted an assessment of the
tectonic features within the Diizce basin along the North
Anatolian Fault (NAF), as well as an analysis of the surface
deformations that occurred subsequently to the Golyaka-
Diizce earthquake of November 23, 2022, through the
utilization of interferometric synthetic aperture radar
(InSAR) and elastic modeling techniques. The moment
tensor solution for the earthquake was calculated with
data provided by AFAD".

1 AFAD (2022). Tiirkiye Cumhuriyeti Icigleri Bakanhig Afet ve Acil Durum Yonetimi Bagkanligi [Online]. Website: https://deprem.afad.gov.tr/event-

catalog [accessed 2023/01/11].
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The InSAR method is widely used in active tectonic
studies for determining surface subsidence resulting from
earthquakes, volcanic eruptions, and landslides due to its
ability to work in various time and weather conditions,
wide spatial coverage, and high measurement accuracy
(Bamler and Hartl, 1998). Examples of these studies
include the mapping of surface deformations caused by the
November 12, 1999, Diizce earthquake and determination
of its fault geometry using InSAR by Cakir et al. (2003a).
They also used elastic modeling with GPS and InSAR
data to suggest that a probable Diizce earthquake could
be multisegmented, and that an old thrust plane inclined
to the north may rupture along with the vertical Diizce
segment (Cakir et al., 2003a). In another study, Cakir
et al. (2003b) calculated a model for the slip associated
with the 1999 Izmit earthquake affecting the NAF at the
eastern end of the Marmara Sea by combining tectonic
field observations and SAR data. They described the
main features of coseismic and postseismic deformation
captured together in SAR data (Cakir et al., 2003b).

The February 6, 2017, Ayvacik-Canakkale earthquake
(Mw 5.3) was analyzed using the differential synthetic
aperture radar (DInSAR) technique, and as a result,
approximately 9 cm vertical displacement was detected
in these areas (Abdikan et al., 2019). Another study of
the February 2017 Gulpinar earthquake sequence (Biga
Peninsula, Tirkiye) illustrated four events with moment
magnitudes 5.0 < Mw < 5.2 on InSAR interferograms
(Sentinel-1 satellites) to identify the seismic fault and
seismological data and use this to refine geometry and
kinematics using inversion techniques (Ganas et al., 2018).
Tatar et al. (2020) mapped the surface rupture geometry
with geomorphic structures in detail and associated them
with satellite imagery and ground data in their study of the
January 24, 2020, Elazig-Sivrice earthquake. According
to the results, InSAR studies showed 10 cm uplift of the
northwestern block of the fault and 6 cm subsidence in
the southeastern block (Tatar et al., 2020). Due to the
difference in vertical movement between the two blocks
of the fault, it was interpreted that a section of at least 30
km in length broke during the main shock on the Piitiirge
segment between southwest Sivrice and Pitiirge (Tatar
et al,, 2020). Another study claimed that the 2020 Elazig
earthquake occurred on a steep, NW-dipping strike-slip
fault (72 degrees) with 35 km rupture length (Melgar et
al., 2020). Karaca and Erten (2023) used DInSAR and an
elastic dislocation model to show surface deformation
(rupture length 34.78 km) and fault parameters with
slip ratio 1.95 m, Mw 6.75, focal depth 10 km, width 7.4
km, strike 240.27°, slope 69.19°, and rake 0.19°. For the
same earthquake, Pousse Beltran et al. (2020) used InSAR
and elastic modeling to state that the main shock of the
earthquake spread mostly westward with 10° fault dip-

direction angle from the focal point. They noted that the
rupture occurred only at one end of the DAF segment
boundary and that the 1874-M K 7.1 Goélciik Lake
earthquake had spread to the slip area (Pousse Beltran et
al., 2020). Another investigation revealed the properties
of the seismic fault, including its location, geometry,
and geodetic moment. These investigations focused on a
notable Mw=7.0 earthquake that took place on October
30, 2020, in the northern area of Samos, Greece. They
showed the impact of the earthquake with various effects
such as liquefaction, rock falls, rock slides, road cracks,
and extensive landslides (Ganas et al., 2021).

The way to explain InSAR data and tectonic
observations is to determine the parameters of faulting
in deformation zones resulting from the earthquake
using elastic modeling. In this study, attempts were made
to identify the direction angle, dip angle, strike vector,
and shear amount with values such as the fault’s basic
geometry using the elastic modeling method. Although
there are many studies about elastic displacement theory
in space (Stekeete, 1958; Press, 1965; Wright et al., 1999),
Okada’s (1985) studies constitute the most general theory.
These studies are based on a formulation that allows
effective analytical calculation of the sliding area that is
caused by the displacement occurring on a rectangular
or triangular surface area in a spatial environment. Using
this formulation, the displacement amount that occurs
on the earth’s surface as a result of any fault movement
described by the earthquake source parameters can be
calculated. Many researchers have conducted various
studies about both the application of this theory to the
Earth’s crust and its application with interferometry (Wells
and Coppersmith, 1994; Wright et al., 1999; Cakur et al.,
2003b; Wang et al., 2004; Funning et al., 2005; Liu, 2015;
Tiryakioglu et al., 2018; Pousse Beltran et al., 2020).

2. Materials and methods

2.1. Study area

The study area covers the regions between the latitudes
of 40°47'N and 41°00’N and the longitudes of 30°45'E
and 31°25'E, including the settlements of Goélyaka and
Gimisova from southwest to northwest, and the area
where the city center of Diizce is located in the east (Figure
1A).

Tectonically, the most important feature in the region is
the NAE. The NAF, which caused many casualties and
property damage in 1999, generated the 7.4 Mw Izmit
and 7.2 Mw Diizce earthquakes in the same year. These
two earthquakes, which were caused by adjacent fault
segments, created a surface rupture of about 200 km
long along the North Anatolia Fault Zone (NAFZ) (Cakir
et al, 2003b). This earthquake, which caused massive
destruction, occurred on the Akyazi-Golyaka-Diizce

193



KARACA et al. / Turkish ] Earth Sci

segment. This segment separates the Western Pontides
zone from the Armutlu-Almacik-Arkotdag zone (Gedik
and Aksay, 2002). In a study conducted by Yildirim and
Tiiystiz (2017) about the Almacik block located south of
the study area, it was observed that the Almacik Block,
associated with the NAFZ, moved in a clockwise direction
by 20° + 2°. This clockwise rotation was completed in
geological time.

The study area is generally cut by east-west trending
faults, and the Diizce segment, which extends from the
western to the eastern boundary in the south, is a 40-km-
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long east trending right-lateral strike-slip fault. This
segment, which is the focal point of the study, intersects
with the Karadere segment, a 33.- km-long N71°E right-
lateral strike-slip fault, to the west (Figure 1A). Further to
the north, the Hendek Fault (N75°E right-lateral strike-
slip fault) and Cilimli Fault (N70°E 35°-40° NW dipping
reverse fault) form the northern boundary (Emre et al.,
2013). The location of the study area in Tiirkiye and the
stations obtained from AFAD for the moment tensor
solution are shown in Figure 1B.
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Figure 1. A) The digital elevation model of the Goélyaka-Diizce region. Yellow dots represent earthquakes in the range of 0.1-6.4 Mw
between 22/11/2022 00:01 and 24/11/2022 23:59, taken from AFAD'. Colored stars show the center points of the Diizce-Golyaka
earthquake of 23 November 2022, which are indicated according to different observation stations. The black triangle shows the
earthquake center of the 1999 Diizce earthquake according to AFAD. Focal mechanism solutions are modified from the European-
Mediterranean Seismological Center (EMSC', 2022). Active faults are shown with red lines in the Turkey Active Fault Map (Emre et al.,
2013) published by MTA. B) The location of the study area in Tiirkiye is shown with red rectangles. The green diamond shapes show the
earthquake stations taken from AFAD for the moment tensor solution.
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2.2. DInSAR method

DInSAR is a remote sensing method that can reveal
surface deformations on the earth with cm-level precision
and wide coverage area (Zebker and Goldstein, 1986). SAR
systems represent images as complex numbers (Zebker
and Goldstein, 1986). Attempts are made to identify
deformations on the earth’s surface caused by natural events
such as earthquakes using the pre- and postdeformation
phase differences on the SAR images consisting of
complex numbers (Yague Martinez et al., 2016). With the
InSAR technique, a new image is obtained by calculating
the phase differences of corresponding pixels between
two synthetic aperture radar images of the same region,
and this new image is called an interferogram (Helz,
2005). The interferogram provides information about the
height of the target area as well as small changes in the
range distance between the two images (Yague Martinez
et al,, 2016). Small changes in range distance create fringe
interference patterns due to phase differences, and these
structures can be used to measure topography and surface
deformations with the InSAR technique (Sarychikhina
and Glowacka, 2015). Each cycle of the phase in the fringe
structure corresponds to half the wavelength of changes
in the satellite-earth distance (Cakur et al., 2003b; Torres
etal., 2012).

With two separate interferograms as a master and
slave images, deformation information is obtained. These
interferograms are referred to with the formula below
(Yague-Martinez et al., 2016) ;

A¢int = A¢deformatiun + A(l)topa + A¢urbit + A¢atm + A‘I)noise [1]

In the equation, the phase difference is referred to as
A¢ine, surface deformation as A@geformation, the effect of
surface topography asA¢opo , residual phase occurring
due to orbit error as Aorpir, atmospheric noises of
humidity, heat and pressure as A¢g¢m, and random noises
caused by unknown effects as A¢uoise- . The purpose of
DInSAR studies is to try to find A@aeformation by using
the phase difference between two radar images (Aint).
In this study, four Sentinel 1A complex data sets provided
by the European Space Agency (ESA), two of which are
ascending (dated 2022/11/15 and 2020/11/27) and two
are descending (dated 2022/11/14 and 2020/11/26), were
processed using Envi 5.6.2 software for both pre- and
postearthquake periods (Table 1). The steps used for
DInSAR data processing are shown in Figure 2A.

Satellite radar interferometry (InSAR) is a powerful
technique for monitoring deformation phenomena.
While deformation phenomena occur in a three-
dimensional (3D) world, one of the limitations of InSAR

2 Sarmap (2018). ENVI SarScape v5.5.0: Geophysical
GeophysicalModelingTutorial_55.pdf [accessed 2022/02/03].

Modeling  Tutorial

phase observations is that they are only sensitive to the
projection of the 3D displacement vector onto the radar
line-of-sight (LoS) direction. The following equations are
used to separate the LoS displacement estimates from the
ASC and DESC orbitals into EastWest [2] and UpDown
[3] components (Kotulak et. al., 2022).

Di cos6pDisp, — cosB,Dispp 2]
ISPEw = - -
Pew €050,5in0pcosq, — cosOpsing,cosg,
Di sinfpcosy, Dispy — sinbycosy, Dispp (3]
ISpyp = - -
Pu c0s8,5inbpcosy, — cosOpSing,cosy,

In this context, @arepresents the azimuth angles of
ascending orbits, while @b indicates the azimuth angles of
descending orbits. 94 signifies the look angles in ascending

orbits, whereas g, represents the look angles in descending
orbits. Additionally, Disps corresponds to the
displacement on the ascending LoS, and Dispp shows the
displacement on the descending LoS.

2.3. Elastic dislocation modeling

Earthquakes that cause significant changes in surface
deformation are generally expected to have a seismic
moment magnitude (Mw) greater than 6.0 (Aktug,
2003). Surface changes were calculated using DInSAR
data before and after the November 23, 2022, Goélyaka-
Diizce earthquake, and the slip (lateral and vertical
displacement) amounts, length, width, depth, strike,
slope, and other geometry parameters of the fault planes
were calculated using tensor solution parameters from the
Global Centroid-Moment-Tensor (CMT) catalog. ENVI-
SarScape 5.6.2 software was used for modeling studies. The
data processing steps are shown in Figure 2B.

The first data processing step in elastic dislocation
modeling includes area selection and image sampling.
Image sampling is necessary to reduce the number of
points to be modeled and ascending data processing speed.
The Quadtree algorithm, a data reduction algorithm, was
used to sparsely sample the image range without causing
signal loss (Welstead, 1999). Using InSAR values, the
lateral and vertical displacement amounts, length, width,
depth, strike, slope, and other geometric parameters of the
fault planes that cause deformation on the Earth’s surface
are calculated from the sparsely sampled image, and this
process is performed using linear and nonlinear inversion
(Sarmap?).

Before explaining linear and nonlinear inversions, the
concept of inversion must be explained. The concept of
inversion is defined as the calculation of the parameter

[Online]. Website:  https://www.sarmap.ch/tutorials/
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values of a conceptual model using the measured data
(Bagokur, 2015). In other words, the differences between the
measured data and the theoretical data must be calculated
to provide objective reality for any proposed model. One of
the methods used to produce various models for inversion
is the derivative-based method. In this study, a derivative-
based inversion process was also used. In the derivative-
based inversion processes, if the relationship between data
and parameters is defined by a string equation, it is called
linear inversion. If the relationship between data and
parameters cannot be expressed by string equations, it is
called nonlinear inversion. The inversion process is applied
to obtain the displacement or displacement distribution
on a volcanic vent, a dike, or a fault in elastic dislocation
modeling. Firstly, a nonlinear inversion process is carried
out. Nonlinear inversion, is used to find the most suitable
source parameters to minimize a cost function based on
the difference between observed and predicted geodetic
data. Multiple iterative processes are carried out to
increase the probability of the cost function approaching
the global minimum function. The method applied
for this process is based on the Levemberg-Marquardt
algorithm (Marquardt, 1963). The Levemberg-Marquardt
minimization algorithm possesses a similar characteristic
to gradient methods in that it can converge even when
starting from an initial guess outside the convergence
region of other methods. Additionally, like the Taylor series
method, it can quickly approach the converged values once
it enters the vicinity. As a result, this method combines the
favorable aspects of its predecessors while bypassing their

major limitations (Marquardt, 1963). The determination
of the underground structure is ensured by starting from
a certain initial model and using the possible appropriate
parameters until conformity between the observational
anomalies and the theoretical anomalies created by the
model reaches the optimum level (Asc1 and Yas, 2017). In
the next stage, the aim is to obtain the slip distribution on
the fault plane by using the linear inversion process. In the
linear inversion process, the parameters of the structure
are directly determined (Asci and Yas, 2017). When the
relevant geometry and slip parameters for the fault plane
and the earthquake are known, the process of calculating
the effects of the earthquake moment on the input data
used in the initial data processing, which is called forward
modeling, is performed using the elastic models for the
earthquake. The steps used in data processing for elastic
dislocation modeling are shown in Figure 2B.

In addition, Monte Carlo analysis was applied in this
study to verify the accuracy of earthquake parameters.
Monte Carlo analysis is a numerical method of simulating
an event and is based on probability theory. This
methodology utilizes statistical sampling and random
simulations to estimate uncertainties and evaluate the
accuracy and dependability of InNSAR measurements and
derived parameters (Parsons et al., 2006). When applied
to a numerical inversion problem, it relies on generating
random numerical values and repeated simulations
to approximate the parameter of interest based on the
simulation results.

DinSAR workflow
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slave

Coregistration
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Interferometric process ‘

Sentinel-1A
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Figure 2. A) DInSAR data processing flow. B) Data processing flow used in elastic dislocation modeling.
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2.4. Moment tensor analysis
Many methods were developed based on the motion
and propagation direction of seismic waves emitted
during an earthquake to calculate the focal mechanisms
of earthquakes. The moment tensor analysis method
allows the seismic source causing the earthquake to be
represented by a tensor consisting of force couples (Stein
and Wysession, 2003). This method allows the calculation
of fault parameters by inversion of observational
seismograms. Faulting, the earthquake source, is also
represented by the body forces of wave propagation.
Displacement at any point on the Earth’s surface can be
expressed as a linear combination of time-dependent
moment tensor elements (Jost and Hermann, 1989).
There are some specific features of seismic waves
propagating throughout the Earth’s crust following an
earthquake. First, the mass forces associated with the
earthquake source do not spread over a volume but rather
along a fault. Second, the earthquake source is represented
not only by single forces but also by dipole forces. Dipole

forces cause the mutual movement of two blocks on either
side of the fault (Figure 3A). These are defined along the >
fault by the moment tensor density (Figure 3B).

The moment tensor M is a symmetric tensor that
defines nine pairs of equivalent dipole forces that can move
in the earthquake source. The components of the moment
tensor are defined by the scalar moment Mo, the direction
(¢), dip (8), and shear displacement (A).

2.4.1. Moment tensor analysis of the Diizce earthquake
The waveform data required for tensor analysis of the
Diizce earthquake was provided by Earthquake Data
Center System of Tiirkiye (TDVMS). Broadband velocity
stations with a diameter of approximately 350 km were
used for waveform data. The hypocenter parameters
(location, depth, and occurrence time) of the earthquake
were obtained from Kandilli Observatory and Earthquake
Research Institute (KOERI).

The calculated (red) and synthetic (blue) waveforms
obtained after the inversion are shown in Figure 4A
with the three components plotted at the same scale. The

Figure 3. A) Normal fault motion pattern and B) X represent equal distribution of dipole forces along the fault (Vavrycuk, 2015).
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Figure 4. A) Depth sensitivity for the waveform mechanism. It shows the best depth match.
B) Synthetic and calculated waveforms for each component as a result of inversion.
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number in the top right of the synthetic trace represents the
time shift required for maximum correlation between the
calculated and synthetic traces. The number at the bottom
represents the percentage reduction in variance (variation)
for each trace (100% indicates perfect fit). Figure 4B shows
the depth sensitivity graph for the best depth match to the
waveform mechanism. The fault kinematic parameters
obtained from the waveforms calculated after the inversion
are shown in Table 2.

3. Results

3.1. DInSAR results

Fringe structures related to the surface deformation that
occurred after the earthquake can be seen in the phase
map generated from DInSAR results (Figures 5A and 5B).
After unwrapping the phase differences of these fringe
structures, the surface deformation that occurred after
the Golyaka-Diizce earthquake on November 23, 2022, is
shown (Figures 5C and 5D). The surface deformation after
the earthquake is interpreted in the LOS direction. Here,
positive values indicate movement approaching toward the
satellite in the LOS direction, and negative values indicate
movement away from the satellite in the LOS direction.
Accordingly, in the ascending data set, maximum -7.2 cm
movement away from the satellite towards the northeast
direction of the Karadere segment can be interpreted as
movement to the east or subsidence. When the ascending
and descending data sets are separated into components,
the east-west and uplift-subsidence movements can
be obtained. In the east-west direction, positive values
indicate eastward movement, and negative values indicate
westward movement. Positive values of approximately 6-8
cm in the northwestern part of the earthquake epicenter
and the northern block of the Karadere segment are seen
as eastward movement (Figure 5E). In Figure 5F, positive
values indicate upward movement, and negative values
indicate subsidence. In contrast, a subsidence movement
of about -5 cm was observed in the northwestern part of
the Karadere segment.

3.2. Elastic dislocation modeling results

The displacements obtained from DInSAR data and
earthquake information obtained from GCMT were
modeled in the half-space using elastic shear modeling to
understand the fault mechanism and estimate earthquake
source parameters. Monte Carlo analysis was used to
determine the statistical mean intervals of the results
obtained from nonlinear inversion.

Figures 6A and 6D depict the surface deformation
observed through DInSAR, while Figures 6B and 6E
illustrate the models generated through the nonlinear
inversion process, based on Figures 6A and 6D. Figures 6C
and 6F display the residuals and corresponding root mean
square (RMS) values calculated from the shear dislocation.
These residuals exhibit lower RMS values compared to the
previous results, indicating that the corrected solution
reduced the error rate.

The nonlinear inversion statistics showing the
uncertainties and variations in the model parameters for
the fault are given in Figure 7. In this figure, each of the
50 points represents the extent of variation for the optimal
inversion solution associated with statistically different
set of parameters (length, width, depth, dip, location
information, strike, and slip amount). Red dots show the
best value in the iteration process. The proximity of the
other points to the best value and the shape of the clusters
they form provides information about the accuracy of the
model.

The slip amount that occurred during the November
23, 2022, Golyaka-Diizce earthquake and the earthquakes
that occurred between November 22, 2022, 00:01 and
November 24, 2022, 23:59, ranging from 0.8 to 6.4 Mw,
was expressed in 3D on the ascending data set (Figure
8A). Earthquake catalog data obtained from KOERI’
and AFAD! are also shown with their coordinates, depth,
and magnitude values. The modeled fault plane, which
is interpreted as having 0.35 m of right-lateral and dip-
slip rate below the topography, is shown in 3D, and the
aerial view of the corresponding region is given in Figure
8B. Figures 8C and 8D depict the profiles represented by

3 KOERI (2022). Kandilli Observatory And Earthquake Research Institute. [Online]. Website: http://www.koeri.boun.edu.tr/sismo/zeqdb [accessed

2023/01/11].

Table 1. Characteristics of Sentinel-1InSAR pairs (B, : perpendicular baseline, B, : temporal baseline, Wl: wavelength, Pol: polarization).

Line-of-sight
PrtOdL;Ct Date Mode Pass  Pol. ncidence
P angle, 0
2022/11/15 .
SI1-A 2022/11/27 w Asc. \AY% ~38.04
2022/11/14 o
S1-A 2022/11/26 W Des. \'A% ~32.24
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line-of-sight

' B~ Baseline perp ~ Band/ Path Frame
azimut, «

B,- Baseline parallel WI (cm) No.
80.1° 92.6 (m) / 12 days C/5.6 160 132

283.5° 225.13 (m) /12 days  C/5.6 138 458


http://www.koeri.boun.edu.tr/sismo/zeqdb
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Figure 5. 23 November 2022 Golyaka-Diizce earthquake DInSAR results from the ascending and descending Sentinel 1A
images. Four Sentinel 1A complex data sets, before and after the earthquake, were used between 2022/11/15 and 2020/11/27
for ascending data and 2022/11/14 to 2020/11/26 for descending data. A) and B) Interferogram structures obtained using
the ascending and descending data set, C) and D) surface deformations from the ascending and descending dataset. Positive
values mean approaching the satellite in the direction of LOS, and negative values mean moving away from the satellite in
the direction of LOS. E) Illustration of the east-west deformation. Negative values represent west movement, positive values
eastward movement. F) Illustration of vertical deformation. Positive values indicate uplift, negative values indicate subsidence.
Active faults are shown with black lines in the Tiirkiye Active Fault Map (Emre et al., 2013) published by MTA.

A-A and B-B; shown in Figure 8B, respectively. The cross-
sections labeled A-A’ and B-B” demonstrate the movement
of the LOS in relation to the topography, measured in
kilometers. The orange lines represent changes in elevation,
while the blue lines indicate displacement, measured in
millimeters.

The results of advanced modeling are shown in Figure
9. The forward modeling method was used to return to
the result obtained from the ascending data set in Figure
9A. According to this model, approximately 4.53 cm
deformation area was determined with the earthquake
center to the northwest, keeping the Karadere Segment
to the north. The interferogram model corresponding to
this area is shown in Figure 9B. The advanced modeling

results are shown in Figure 9C for east-west, Figure 9D for
vertical, and Figure 9E for north-south components.

4. Discussion

According to the DInSAR results for the Gélyaka-Diizce
earthquake on November 23, 2022, the ascending data
set provides a more consistent result than the descending
data set (Figure 5A). The results in the descending data
set may have been affected by atmospheric conditions or
topography and do not show any surface deformation
anomalies from the earthquake center (Figure 5B).
Therefore, the results from the ascending data set were
evaluated in this study. In Figure 5A, a surface deformation
image obtained by unwrapping the interferogram in the
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Figure 6. Nonlinear inversion: A) The initial observed data, B) The first model was generated based on the observed
data, C) The first set of residuals was generated from the shear dislocation with a root mean square (RMS) value of
0.016 m (overall RMS: 0.058 m). Linear inversion: D) corrected observed data, E) generated corrected model, F) the

corrected residuals, generated from the shear dislocation, with an RMS value of 0.016 m (overall RMS: 0.055 m).

ascending data set shows movement in an average LOS
direction of -6 cm in an area of approximately 100 km?
in the northwest of the Karadere segment (Figure 5C).
This movement is interpreted as being right-directional
or subsidence in the LOS direction. In addition, the
deformation area covers the northwest and southeast
blocks of the Karadere segment together, and the
deformation boundary in the DInSAR data is located on
the Diizce segment. When the deformation boundary on
the Diizce segment in the ascending data set is examined,
there is movement of an average of 3 cm in a LOS direction
in the section south of the Diizce segment, and this
situation is interpreted as the westward movement of the
southern block of the Diizce fault (Figure 5C). The relative
movement of the northern block towards the east and the

200

southern block towards the west, as stated by Yildirim and
Tiysiiz (2017) for the Almacik block, is consistent with
the DInSAR data. The east-west and vertical components
obtained by decomposing the ascending and descending
data sets are shown in Figures 5E and 5F When looking at
Figure 5E, the right-lateral strike-slip movement matches
the NAF. In Figure 5F, surface deformation with a vertical
component is shown, and it is interpreted as subsidence in
the northern block and uplift in the southern block of the
Diizce segment.

The point sets shown for each iteration step in Monte
Carlo analysis were interpreted together and RMS values
were obtained from the results in an acceptable manner
(Figure 7). There may be relative variability in the
consistency of the length and depth values when examined
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Figure 7. Nonlinear inversion statistics showing the uncertainties and changes of the model parameters of the fault
that caused the 23 November 2022 Golyaka-Diizce earthquake using Monte Carlo analysis. Strike, dip, and rake are
in degrees; slip is in meters; the X and Y coordinates (representing the center of the fault plane projected upward
sloping to the surface) belong to the UTM 36N coordinate system; length, width, and depth in meters. Each of the
50 points in the drawings used for different parameters represents the value for finding the most suitable solution
for the selected parameter set.
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Figure 9. Forward modeling; components of displacement produced by the shear distribution obtained through
linear inversion: A) Model displacement data, B) Unwrapped interferogram, C) east-west, D) up-down components,
E) north-south components (The north-south component accuracy is limited due to the geometrical acquisition of

SAR data, with respect to east-west and vertical direction).

for their standard deviations, although the best-fit values
obtained for strike, dip, and rake through Monte Carlo
analysis are in consistent agreement with earthquake
research centers (Figure 7). In addition, it is compatible
with the results of the Moment Tensor analysis (Table 2).

In Figure 8A, a north-dipping fault plane on the
Diizce segment with maximum slip approximately 0.35
m is shown at a slip-centroid depth of about 9.2 km,
which was obtained with the elastic dislocation result
from the ascending data set. The earthquakes taken
from AFAD and KOERI earthquake catalogs are located
in the northern block of the Diizce segment (Figure 8B)
and these earthquakes appear in both the northern and
southern blocks of the Karadere segment. Therefore, the
main earthquake is considered to have actually affected the
Diizce segment, and the Karadere segment was affected by
this earthquake. In addition, the structure of the north-
dipping fault plane obtained as a result of elastic modeling
matches the earthquakes before and after this earthquake,
and that earthquakes in the western region may be
independent of the Karadere segment.

In earthquake focal mechanism solutions obtained
from some institutions, the strike values range from 255 to
264, the dip values range from 63 to 77, and the rake values

range from -152 to -175. The focal mechanism solution
of AFAD has a strike value that falls outside this range.
However, the dip and rake values are consistent with
the values in this study and from other focal solutions.
Additionally, if we consider that the north-dipping fault has
a depth of approximately 9 to 17 km, the dip direction and
earthquake locations appear to be consistent (Figure 5C).
The crucial aspect to consider is the dip direction of the
Karadere segment. Focal mechanism solutions obtained
from other institutions except for AFAD, GFZ, and DEU-
DAUM show a north-dipping solution according to tensor
solutions. These north-dipping solutions are consistent
with the Diizce segment.

In this study, the modeling results show the dip angle of
around 66 degrees to the north. The dip angle difference
between Emre et al. (2013) and our work can be interpreted
as follows; if the depth of the earthquake is considered to
be 6-19 km, the 66 degree dip is reasonable due to the
possibility of not determining the real angle of the fault
between 6 and 19 km depth. Moreover, dip angle results
for the earthquake from observation stations are shown
in Table 2. Most of the observation stations provide a
dip angle of 60-80 degrees, which is compatible with the
results of this study.
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Table 2. The 2022 Diizce-Golyaka earthquake information received from the United States Geological Survey Comprehensive Earth-
quake Catalog (USGS?), the GCMT®, the AFAD!, KOERT the Institut de Physique du Globe de Paris (IPGP’), GéoAzur, Université
de Nice Sophia-Antipolis, Valbonne (OCA?®), GeoForschungsZentrum Postdam (GFZ®). While bold black numbers are related to fault

parameters of the relevant actual fault plane caused by the earthquake, others show auxiliary plane fault parameters.

Depth Magnitude Lat Lon Plane 1 Plane 2
(km) (M) Strike Dip Rake Strike Dip Rake
USGS® 18 6.1 40.836°  30.983° 160 63 -19 259 73 -152
GCMT* 14.6 6.1 40.870°  31.060° 257 77 -175 166 85 -13
KOERP 10 6 40.83°  31.0° 167 88 -16 257 73 -178
AFAD! 6.81 5.9 40.823°  31.025° 77 65 -168 342 79 26
PGP 12 6.1 40.844°  30.969° 257 72 - 165 82 -
0CA* 11 6.1 40.82°  30.99° 255 60 -176 163 86 -30
GFZ’ 19 6.1 40.80°  31.08° 345 80 -16 78 74 -169
Focal
e U 5.9 40.82°  3099° 165 85 -20 257 70 -175
This Mech.
Stud i
¥ Modeling |, , 6.1 40.80°  31.07° 264 66 -165 - - -

High correlation was detected between the results
obtained from forward modeling and DInSAR data
(Figures 5A, 8A, and 8B). When examined in detail, the
two repeated structures in the unwrapped results in Figure
5A were also similar to those obtained in forward modeling
in Figure 9B. Similarly, high similarity was observed
between the surface deformation ratio and horizontal
and vertical components observed in Figure 5C and the
values modeled in Figure 9A. The surface deformation
boundaries in forward modeling results are also located
on the Diizce segment.

5. Conclusions

In this study, surface deformations that occurred after
the Goélyaka-Diizce earthquake on November 23, 2022,
were determined using the DInSAR method. Four sets
of Sentinel 1A complex (SLC-Single Look Complex) data
were used, including two ascending and two descending
pre- and postearthquake data sets dated November 15,
2022, November 27, 2020, November 14, 2022, and
November 26, 2020. Both east-west and vertical surface
deformation movements were calculated by separating the
components of these two data sets. Additionally, linear and

4 EMSC(2022). European-Mediterranean Seismological Centre [Online]. Website: https://static2.emsc.eu/Images/EVID/119/1191/1191966/1191966.

MT,jpg [accessed 2023/01/11].

5 USGS (2022). United States Geological Survey [Online]. Website: https://earthquake.usgs.gov/earthquakes/eventpage/us7000irp8/executive

[accessed 2023/01/11].

6 GCMT (2022). Global Centroid Moment Tensor [Online]. Website: https://www.globalcmt.org/CMTsearch.html [accessed 2023/01/11].

7 IPGP (2022). Observatoire GEOSCOPE Institut de physique du Globe de Paris [Online]. Website: http://geoscope.ipgp.fr/index.php/en/catalog/

earthquake-description?seis=us7000irp8 [accessed 2023/01/11].

8 0ca 6 OCA (2022). GéoAzur, Université de Nice Sophia-Antipolis, Valbonne, France [Online]. Website: https://sismoazur.oca.eu/#/focal mechanism/

emsc [accessed 2023/01/11].

9 GFZ (2022). GeoForschungsZentrum Postdam, Germany [Online]. Website: http://geofon.gfz-potsdam.de/eqinfo/event.php?id=gfz2022wxsg

[accessed 2023/01/11].
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nonlinear inversion were applied to determine the amount
of fault slip and the distribution of fault surface slip for
the fault using data obtained from DInSAR results and
the Global Centroid Moment Tensor catalog, and elastic
dislocation modeling was performed.

The results of DInSAR, elastic dislocation modeling,
and tensor analysis for the Golyaka-Diizce earthquake on
November 23, 2022, are as follows:

Based on the DInSAR findings, the deformation
occurred in the northwestern part of the Karadere segment.
Covering an area of around 105 km? this deformation
consists of both eastward movement and subsidence.
The eastward movement is compatible with the tectonic
structure of the Diizce segment on the right-lateral North
Anatolian Fault.

During the earthquake, there was an observed eastward
and downward displacement of approximately 0.35 m at
a slip-centroid depth of around 9.2 km. The deformation
boundaries indicate that this displacement occurred in
the Diizce segment of the fault. This is compatible with
the clockwise movement of the northern branch of the
Almacik block (Yildirim and Tiiysiiz, 2017). The tensor
solutions obtained from earthquake centers other than
AFAD, GFZ, and DEUM, as well as the tensor solution
from this study revealed a north-dipping orientation with
an approximate east-west direction. This orientation aligns
with the geometry of the Diizce segment.

The aftershocks that occurred both before and after
the earthquake, covering both the northern and southern
blocks of the Karadere segment and clustering on the
northern block of the Diizce segment, support the idea
that the main earthquake occurred on the Diizce segment.

According to the results of DInSAR, elastic modeling,
and tensor analysis, on November 23, 2022, the Golyaka-
Diizce earthquake caused both right-lateral and descending
motion in the northwest part of the Karadere segment.
The boundary of this deformation motion is believed to
be the Diizce segment and includes the Karadere segment.
Also, the locations of the aftershocks and foreshocks in
the northern part of the Diizce segment support the idea
that the main earthquake occurred on the Diizce segment.
However, it is also thought that this earthquake affected
the Karadere segment.

Data availability

Sentinel-1 data are available online through Copernicus
(https://scihub.copernicus.eu) platforms. Precise orbits
were downloaded from European Space Agency’s Sentinell
website (https://qc.sentinell.eo.esa.int/, in December
2022). SRTM data were provided on the Earthdata portal
(https://earthdata.nasa.gov).
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