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Abstract: Synoptic animations of internal displacements and deformations of the earth’s crust
were obtained based on the results of continuous GNSS observations in Eastern Anatolia from 2009
to 2023. The spatiotemporal patterns of the seismic deformation process in connection with the
tectonics of the region have been identified. It is shown that dilatation and total shear strains evolve
in concert with the migration of the strongest earthquakes Elazig, Elazig-Malatya and devastate
Karamanmaraş series. Two years before the occurrence of the devastating earthquakes of 2023,
a deficit of internal displacements of GNSS stations developed in the area of their epicenters. The
conducted research suggests that the strongest events of 2009–2023 are connected by a unitary
seismic deformation process. The most important action in this case is the SW movement of the
Anatolian block as monolithic element. In the development of movements and deformations, a flow
of increasing stresses is observed in the direction from Karliova Triple Junction to the SW to the area
of the strongest seismic events on February 2023. It originates east of the Karliova Triple Junction
where the Arabian Plate encounters an obstacle. The role of mantle flows in the seismic process is
assessed.

Keywords: GNSS, crustal deformation, displacement deficit, earthquake migration, seismo-deformation
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1. Introduction

The territory of Eastern Anatolia (Turkey) is an area of intense movements and defor-
mations of the earth’s crust caused by active tectonic processes and seismic activity. The
tectonics of this territory is represented by fault zones with a left-sided shear mechanism.
This area is called the Anatolian neotectonic diagonal due to the spatial orientation of the
main tectonic faults, extending in the SW–NE direction [Seyitoğlu et al., 2022].

In recent years and decades, a network of continuous GNSS observations has been
deployed in Turkey. This circumstance provided the opportunity for an experimental study
of recent movements and deformations of the earth’s crust in the specified territory for
the interval 2009–2023. During this time, several destructive earthquakes occurred in
the region. The purpose of this work was to study the spatiotemporal tendencies in the
deformation of the earth’s crust in connection with strong seismic events in accordance
with the tectonic regime of the region.

The study consisted of two stages. The first and main stage was to study the evolution
of movements and deformations of the region over the time interval from 2009–2021. About
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a year after its completion, in February 2023, a series of destructive doublet earthquake
sequences occurred in the SW-section of our study area; the 6th February 2023 (M7.9,
M7.6) earthquake ruptures struck the region, triggering a second event and a cascade
of strong aftershocks (~10,000 events) in the Maras Triple Junction (MTJ) [Toker et al.,
2023] region of SE-Anatolia. The circumstance associated with the 2023 catastrophic
doublets, which redistributed and/or shifted the crustal stresses in the study area, led to
further analysis in order to assess co- and pre-seismic displacements and related crustal
deformations.

2. Tectonics and Seismicity of the Studied Region

The study region represents the area of interaction between the Nubian and Arabian
tectonic plates with the Anatolian block and the Eurasian plate, respectively.

The tectonics of the studied region is represented by the following main tectonic
elements (Figure 1). The main tectonic structure is the North Anatolian Fault Zone (NAFZ).
This is the main fault zone marking the boundary of the main tectonic plates: the Eurasian
and Arabian. This zone, along with the Varto Fault Zone (VFZ), creates an obstacle to the
movement of the Arabian Plate to the North, reversing the movement of the lithosphere
towards the west-southwest within the segment bounded by the NAFZ and East Anatolian
Fault Zone (EAFZ).

The Karliova Triple Junction (KTJ) area is a key feature that determines the nature of
tectonic movements in the study region. It is dissected by multiple local faults and includes
the volcanic areas of Turnadag and Varto. The feeding of these volcanic centers, as the
authors believe, is due to the outcrop of the Anatolian tectonic block to the west-southwest
[Karaoğlu et al., 2018]. There is a hypothesis about the existence of a mantle plume east
of the KTJ [Gök et al., 2007], the dynamics of which can form an asthenospheric flow that
contributes to the removal of the Anatolian block to the west-southwest. The southern
end of the East Anatolian Fault Zone from the east limits the area of hypothetical rise of
warmer upper mantle, thereby leading to extensional deformation of the earth’s crust in
the southern part of the Anatolian block [Gök et al., 2007].

Recent GNSS studies show that plate-pulling forces are also characteristic of Western
Turkey [Bartol and Govers, 2014; Kutoglu et al., 2016; McClusky et al., 2000; Reilinger et al.,
2006; Wei et al., 2019]. These studies also suggest that these forces play an important role
in the westward movement of the Anatolian Plate.

The main tectonic element in the context of this study is the EAFZ. The EAFZ, one of
the most active faults in Turkey, has a NE-SW direction and has a length of approximately
550 km [Reilinger et al., 2006]. The first study on the slip rate of the fault was made by
Taymaz et al. [1991]. Taymaz et al. [1991] determined the slip rate as 29 mm/year for the
EAFZ zone. However, current GNSS studies show that the slip rate is around 8–11 mm/year
[Angus et al., 2006; McClusky et al., 2000; Reilinger et al., 2006] and our study. Çetin et al.
[2003] used paleoseismological and historical earthquake records and suggest that there
is strain accumulation on the EAFZ. Although the tectonic stress on the EAFZ is mostly
accommodated by strike-slip faulting, moreover it is seen that small-medium earthquakes
have different focal mechanisms.

The structure of the lithosphere of the studied region is represented by three different
structures: the East Anatolian High plateau (further east of the KTJ), the Anatolian block
and the northern part of the Arabian plate. The boundaries of the structures are consistent
with the main tectonic boundaries. The authors of [Gök et al., 2007] show that the area
east of the KTJ is supported by doming hot asthenospheric material resulted from slab
delamination and break off process (e.g., beneath Lake Van region in [Toker and Şahin, 2019,
2022]).

3. Data and Method

The study used three types of experimental data: faulting, earthquakes, and continu-
ous GPS observations.
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Digital data on the position of active faults in the study area were obtained from the
source [Emre et al., 2012].

The earthquake catalogue used in this study is retrieved from the Bogaziçi University,
Kandilli Observatory and Earthquake Research Institute (KOERI) database [KOERI, Boğaziçi
University, 2021] and contains instrumental period data (1900–2021). In the subsequent
period 2022–2023, we limited ourselves to data on the strongest events, due to too many
moderate and weak aftershocks, information about which is not so important for our
specific study.

The most important earthquakes of the period under study are presented in the
Table 1.

The most important component of experimental data is GNSS observation data. For
this study, continuous measurements were used at stations of the Turkish continuously
operating network. TUSAGA-Aktif (Continuously Operating Reference Stations-Turkey
(CORS-TR) has been continuously measuring with its more than 150 stations since 2009 and
obtaining daily observation files within Turkey’s borders. Especially recent earthquakes
have been monitored by near-area stations [Irmak et al., 2021; Konca et al., 2021; Yalvac,
2020].

Figure 1. Fault tectonics, major earthquakes, and Delaunay triangulation from GNSS stations
participating in the study. Black arrows are the directions of movement of the main tectonic blocks
in the internal coordinate reference system. Average movement velocities are calculated for the
period 2009–2023. EAFZ – East Anatolian Fault Zone. KTJ – Karliova Triple Junction. NAFZ –
North Anatolian Fault Zone. MTJ – Maras Triple Junction. VFZ – Varto Fault Zone. The borders of
the frames of the figures here and below indicate rectangular coordinates in the UTM projection,
expressed in meters.
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Table 1. The most important earthquakes of the period of between years of 2009 and 2023

City
Date,

(yyyy.mm.dd)
Time, (h:m:s) Coordinates, (°C) Depth, (km) Mw

Lat. Long.

Elazığ 2010.03.08 02:32:34.710 38.864 39.986 12 6.1

Elazığ, Malatya 2020.01.24 17:55:14.147 38.43120 39.06090 10 6.7

Bingöl 2020.06.14 14:24:29.501 39.42290 40.70730 10 5.9

Bingöl 2020.06.15 06:51:31.776 39.42260 40.74790 10 5.5

Gaziantep 2023.02.06 01:17:35 37.112 37.119 17.9 7.8

Nuradagi 2023.02.06 01:28:15 37.127 36.943 12.2 6.7

Kahramanmaraş 2023.02.06 10:24:49 38.024 37.203 10.0 7.5

Dogansehir 2023.02.06 10:35:38 38.008 37.751 8.1 6.0

In the first part of the study, 32 of these stations’ time series have been examined.
In order for the observation files to be interpreted geometrically, they must go through
post-processing. From the beginning of 2022, the Turkish General Mapping Directorate
started to share the daily results and time series obtained from observation files of these
stations (https://www.harita.gov.tr/public/sunum/). The aforementioned post-processing
was provided by this institution and it is known that the open-source GAMIT/GLOBK
software is used [Herring et al., 2018]. The final solution is computed in ITRF2014 datum.
While processing daily observation files, IGS (International GNSS Service) stations have
been used for regional stabilization [Kurt et al., 2020].

The network used in the study is shown in Figure 1. An important circumstance is
that before and after the catastrophic earthquakes in Eastern Anatolia, some GNSS stations
were moved from their original locations. The following stations have been moved and
renamed as BAYB-BYB1, GEME-GEM1, HAT1-HAT2, KLIS-KLS1, MALY-MLY1, SIRT-SRT1,
SIVS-SVS1. To obtain a continuous history of movements and deformations of the earth’s
crust, the time series of the previous stations were extended by observations at their new
analogues, taking into account the local mutual increments of coordinates obtained as
soon as possible after the completion of the operation of these relocated stations. We
allowed such laxity on the basis that all new analogues of GNSS stations are installed in the
territories of the same consolidated blocks at a considerable distance from moving faults.
Most stations are mutually distant by no more than km. BAYB and MALY stations have
been moved by 5.5 and 8.6 km, respectively. However, they did not cease to be on the same
consolidated block.

On dates of technical breaks in observations, in order to avoid irregularity of time
series, the missing coordinates were determined by interpolation with Hermite splines.

4. Analysis of Internal Movements and Deformations of the Earth’s Crust

Horizontal displacements of GNSS sites are calculated for the every daily coordinate
solution. Time series of horizontal displacements Un and U e in a reference to the initial
epoch T0 as horizontal coordinate differences n and e in UTM projection were received by
the formulas

Uni = ni −n0, Uei = ei − e0,

where index i denotes the current epoch (day) of measurements.
Displacements of GNSS points, expressed in a global reference system, demonstrate

first of all the trends in the movement of the global tectonic plate on which the observation
point is located. This effect makes it difficult to track movements associated with local
changes, such as the slow accumulation of elastic deformations in the Earth’s crust near the
epicenter of a future event. In this case, more indicative characteristics of the movements
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are the displacements of points, presented in the local (internal) reference system, which
well reflect the mutual multidirectional movements of the sides of local faults. The rationale
for this approach is presented in [Gvishiani et al., 2022]. Such a local (internal) displacement
reference system can be easily obtained by subtracting from each displacement Uj in the
global reference system the average value U , which characterizes the trend of global
tectonics common to all network points, for each epoch measurements. Thus, we obtain
a reference system for displacements (or displacement rates) according to the well-known
no net translation principle

unj = Unj −Un, uej = Uej −Ue,

where index j is the current number of the GNSS observation point.
For each day of observation, based on the displacement values, we obtained digital

models of the distribution of horizontal deformations of total shear and dilatation. These
characteristics are invariant with respect to the choice of coordinate system. The spatial
models were motion and deformation characteristics interpolated onto a regular 1 km grid
using Hermite splines.

To calculate the deformations of the finite elements, the horizontal deformation tensor
was used (the n and e axes are directed to the north and east)

Tε =
(
εn εne
εen εe

)
,

whose elements were equal εn = ∂un
∂n , εe = ∂ue

∂e and εen = εne = 1
2

(
∂un
∂e + ∂ue

∂n

)
, correspondently,

where
(
∂un
∂e + ∂ue

∂n

)
= γne = γen – relative shear.

Elements of the strain tensor are represented by the partial derivatives of the displace-
ments un and ue along the coordinate axes n and e.

To study the spatiotemporal distribution of horizontal deformations, the following
invariant characteristics were calculated.

1) Principal strains ε1 and ε2 ε1,2 = 1
2

[
εn + εe ±

√
(εn − εe)2 +γ2

ne

]
.

2) Total shear γ = ((εn − εe)2 +γ2
ne)

1/2
.

3) Dilatation ∆ = ε1 + ε2.

The strain components were calculated using the method described in [Wu et al.,
2006].

Due to the significant non-equivalence of the finite elements (see Figure 1), the
deformation values were reduced to the average square of the network triangle [Kaftan and
Melnikov, 2019].

Spatial models of movements and deformations obtained for each day were combined
into evolutionary models – video animations of the seismic deformation process. All video
images show active fault lines. The epicenters of earthquakes were plotted on the frames
starting from the date of their occurrence. Thus, a basis was obtained for a heuristic
analysis of the spatiotemporal relationship between fault tectonics, seismicity, movements
and deformations of the study area.

5. Study of the Evolution of Seismotectonic Movements and Crustal Deformations
5.1. Horizontal Dilatation Strain

Analysis of the characteristics of areal extension and compression is aimed primar-
ily at assessing the behavior of subcrustal currents and the temperature regime of the
asthenosphere. But at the same time, significant dilatation anomalies are formed due to
the release of accumulated seismic energy at the source of a strong earthquake. Long-term
and continuous GNSS observations make it possible to test modern concepts in the field
of tectonics and geodynamics. The evolution of dilatation strain from 2009 to 2023 can
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be observed in video animation [Kaftan et al., 2023a]. Selected key frames covering the
catastrophic earthquakes of 2023 are presented in Figure 2.

Figure 2. Evolution of dilatation deformation 2009–2023 in connection with the strongest seismic
events.

Visual analysis shows that the first strong seismic event M6.1 in 2010 was not signifi-
cantly manifested by changes in dilatational deformation. Approximately two years after
this event, significant compressive strains began to develop in the VFZ region. Following
this event, in the area of the epicenter, about a year later, an extreme areal extension formed,
which began to develop without being accompanied by noticeable seismic activity. The
area of horizontal extension expanded until the main seismic event M6.7 in 2020. This
earthquake occurred at the boundary of the interaction of compression and extension areas,
revealing the shear mechanism of seismic rupture. A destructive series of moderate Bingol
earthquakes in the second half of 2020 also occurred at the boundary of the interaction
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of the main extrema of extension and compression in the north of the KTJ. The main
extremum of extension in the southwestern part of the KTJ fault series appears to be the
main source of tectonic deformation that determines the spatiotemporal distribution of
the stress pattern. The extremum of tensile stresses contributes to the movement of the
Anatolian block in the earth’s crust to the southwest. After the catastrophic earthquakes
of Eastern Anatolia 2023, the entire territory of the Eastern Anatolian block between the
main seismic ruptures experienced significant horizontal extension.

5.2. Total Shear Deformation Analysis

In regions with a predominant shear mechanism of movements along active faults,
slow deformation shear waves are detected [Kaftan and Melnikov, 2019; Kaftan and Tatarinov,
2022]. This prompted the idea to investigate this phenomenon in the Eastern Anatolia
region. Based on the results of processing GNSS observations, video animations of the full
shear deformation were obtained [Kaftan et al., 2023b]. Key frames are shown in Figure 3.

Visual synoptic analysis allows us to discover new patterns of seismicity and cause-
and-effect relationships in the evolution of the seismic-deformation process. It can be
seen that approximately a year before the strong earthquake M6.1 (August 3, 2010),
a significant deformation extremum of 2.5 × 10−6 was formed in the area of the future
epicenter (Figure 3a). This indicates that a strong earthquake is caused by the accumulation
of shear deformations that contribute to the release of stress within a mature seismic
source. The subsequent development of the deformation process shows an increase and
spread of deformation to the southwest along the EAFZ, as well as to the northwest along
the NAFZ. At the same time, moderate seismic events with M ∼ 5 occur in the area of
deformation propagation. The main part of them migrates, following the deformation
flow, to the epicenter of the future strong earthquake Elazig-Malatya on January 24, 2020
M6.7. This creates a trimodal region of extremes of the total shear strain. An earthquake
occurs in a trough between two local maxima of deformation. The main shock promotes
the merging of two local deformation extrema into a single region extended along the
EAFZ. An interesting feature is the formation of a local maximum of deformation on the
northwestern border of the study area, in which two moderate seismic events occurred.
Visual analysis allows one to observe the seismic deformation process and draw conclusions
about the mechanisms of stress accumulation and release during strong earthquakes, as
well as the role of the Karliova Triple Junction as an intersection point of the study area.
From this area, the propagation of total shear deformation continued directly towards
the epicenter of the first devastate earthquake of Eastern Anatolia 2023 (Figure 3e). This
circumstance suggests that the second strongest earthquake of the February 2023 series
was a consequence of the first.

5.3. Deficit of Internal Movements Due to Strong Earthquakes

Having long-term data on the nature of crustal movements in the study area, we
analyzed the accumulation trends of the module of vectors of internal movements of GPS
points. The corresponding synoptic animation is presented in [Dokukin et al., 2023; Kaftan
et al., 2023c]. Key frames of the animation are shown in Figure 4.

The experience of similar studies has shown that a minimum of internal displacements
accumulates before strong earthquakes in the area of their epicenter [Kaftan, 2021; Kaftan
et al., 2022]. We consider this characteristic as a predictor of the location of a future
earthquake as a place that impedes general movement.

The presented synoptic video demonstrates the evolution of the deficit of internal
displacements in the area of occurrence of a set of strong earthquakes in Elazig (Turkey) in
2009–2021. It can be seen that the first strong seismic event of 2010 with M6.1 occurred in
a zone of deficiency of internal displacements, expressed in dark brown. Subsequently, an
increase in internal displacements occurred in this place, accompanying the release and
relaxation of elastic stresses. The area of internal displacement deficit has shifted in two
directions to the southwest and northwest along the distribution of the NAFZ and EAFZ.
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Figure 3. Evolution of the total shear deformation 2009–2023 in connection with the strongest
seismic events.

Subsequently, four moderate earthquakes with M ∼ 5 occurred in these areas. Two of them,
located to the southeast of the EAFZ, caused increased mobility of the earth’s crust at the
epicenter of the strongest earthquake of 2020 with M6.7. The 2020 Elazig earthquake
occurred in a zone of accumulated displacements at a level of 5–6 cm and was accompanied
by a co-seismic displacement of more than 10 cm, which subsequently increased to 13 cm.
A series of destructive Bingol earthquakes in 2020 also occurred in the mobile zone. In the
subsequent period, the entire study area was subjected to accumulated displacements of at
least 5 cm. This indicates a release of elastic pre-seismic stresses throughout this area.

Starting from 2020, a minimum of local internal displacements has formed in the
southwestern territory of the region. It existed until the occurrence of a series of strong
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Figure 4. Evolution of the internal displacement deficit 2009–2023.

earthquakes in 2023, which occurred within this minimum. This result once again showed
that the analysis of the deficit of internal displacements is very promising in solving the
problem of predicting the location of strong earthquakes.

6. Discussion and Conclusion

In the present study, we attempt to show the spatial and temporal nature of periods
of complete deformation through a synopsis of ongoing tectonism in the study area,
to understand how horizontal vectors and deformation are consistent with the relative
movements of the Anatolian and Arabian blocks. Spatial and temporal patterns of geodetic
deformation evolution highlight a new perspective on KTJ. A new view is being formed
on the KTJ as a source of stress propagation that determines the kinematics of the East
Anatolian block. The concentration of subcrustal stresses occurs due to the collision of
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the Arabian plate with the Eurasian plate in the VFZ. In this area, maximum compressive
deformation is observed, which contributes to the formation of subcrustal lithospheric
flows from the KTJ within the framework defined by the NAFZ and EAFZ. These currents
in turn create an area of expansion at the southwestern end of the KTJ. Interestingly, this
propagation of dilatation strain, framed by KTJ and Anatolian block deformation, obliquely
points the Anatolian block to the SW rather than to the NW (or to the W), with strong
support for strike-slip and fault deformation. Our main results are in good agreement
with the orientations of maximum principal horizontal stresses published in the World
Stress Map (WSM2016) and 3D deformation models published in previous studies [e.g.,
Kutoglu et al., 2016]; the direction of maximum principal stress, oriented generally to
the southwest, forms normal and strike-slip faults that extend prominently toward the
southwestern end of the Anatolian block into the Maras Triple Junction (MTJ). Comparison
of the calculated geodetic and seismic strains from WSM2016 with previously published
results shows that the estimated tensile, compressive, and shear strain trajectories are
kinematically correlated with MTJ and KTJ. This completes the southwest-directed oblique
“transtensional” extrusion of the bilaterally locked Anatolian block, parallel/subparallel
to the EAFZ and the Dead Sea Fault (DSF). This may be the reason why the left-lateral
earthquake ruptures on February 6, 2023 (Mw 7.7, 7.6) occurred in the area of MTJ.

Synoptic analysis of the evolution of total shear deformation allowed us to trace the
flow of shear deformation from the KTJ, through the epicenters of large earthquakes to
the southwest, up to the sites of the occurrence of a series of destructive earthquakes
in Eastern Anatolia in February 2023. The maximum total shear strain occurred before
the 2010 (Figure 3a,b) Elazig earthquake in the vicinity of its epicenter. From this area,
shear deformation began to grow naturally along the NAFZ and EAFZ strike routes. It
intensified in the area where the 2020 Elazig-Malatya earthquake occurred and continued
southeast to the places of the 2023 East Anatolian earthquakes. An analysis of the evolution
of the internal displacement deficit has shown the effectiveness of this characteristic for
identifying the locations of strong earthquakes. A deficit of internal displacements is
formed when it encounters an obstacle to movement in the area of increasing stress.

The conducted research suggests that the strongest events of 2009–2023 are connected
by a unitary seismic deformation process. The most important action in this case is the SW
movement of the Anatolian block as monolithic element. In the development of movements
and deformations, a flow of increasing stresses is observed in the direction from KTJ to
the SW to the area of the strongest seismic events on February 2023. It originates east of
the KTJ where the Arabian Plate encounters an obstacle. We assume here the presence of
a branch to the SW from the sublithospheric flow, pulling the Arabian plate mainly to the
north.

Finally, our results conclude that the knowledge of the co- and pre-seismic crustal
deformation patterns compared with the large recent earthquakes (2009 to 2023) in the
Anatolia provides very important information on the location of the main faults, earth-
quakes and strain accumulation for seismic hazard assessment [e.g., Kutoglu et al., 2016].
This motivates an agreement between the seismic and tectonic strains, which confirm that
there are seismically active crustal deformations in Anatolia.
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