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Abstract. The Bitlis-Zagros Fold-Thrust Belt is one of the world’s largest deformation zones, extending from
the Eastern Mediterranean in southern Turkey to the south of Iran. This deformation zone is partitioned be-
tween different structures; however, little is known about the relative activities of these different structures and
their effects on topography. The aim of this paper is to investigate the coseismic displacements resulting from
the doublet earthquake that occurred in the vicinity of the city of Maras (6 February 2023) by utilizing GNSS
(Global Navigation Satellite System) stations (near the Bitlis-Zagros Fold-Thrust Belt) that are part of the
CORS-TR (Continuously Operating Reference Station-Tiirkiye) geodetic network. After the doublet Maras
earthquake, south-westerly movements were observed at the ELAZ station, and south-east movements were
observed at ERGN and MARD stations. As can be seen from the data obtained from these CORS-TR stations,
the effect of the earthquake on the horizontal and vertical components was approximately 0.2—7.2 cm. These
motions of ELAZ, ERGN and MARD stations can cause other earthquakes in the region of Bingdl, Van, Bitlis

and Mus in the future.
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INTRODUCTION

After a doublet earthquake, like the M7.8 and M7.5
Maras Earthquake Sequence, it is extremely common
for hundreds of aftershocks to occur over the next
few weeks, months, or possibly years. Eventually,
the frequency of these aftershocks will decrease. Af-
tershocks are not always restricted to the same fault
system as the mainshock, as large quakes can some-
times trigger aftershocks further away. The Bitlis-
Zagros Fold-Thrust Belt (BZFTB) formed as a result
of the collision between the Eurasian and the Arabian
Plates and closing of the Neotethys Ocean (Dewey
et al. 1986). The BZFTB is part of the Alpine-Hima-
layan orogenic belt, which extends in the E-W di-
rection starting from the eastern Mediterranean and
extending eastwards about 2000 km (Dewey et al.
1973; Dercourt et al. 1986; Stampfli, Borel 2002;
Mouthereau et al. 2012). The BZFTB at the ecast-

ern end of the Mediterranean extends eastwards ap-
proximately 650 km with a convex curve towards the
north and ends at the north-eastern Zagros Semdinli-
Yiiksekova Fault Zone. These significant translation-
al fault networks cover a significant portion of central
and western Turkey and allow the Anatolian block to
move to the west as it is pressed by the convergent
Arabian and Eurasian plates. The Bitlis Suture Zone
(in eastern Turkey) and the Zagros fold and thrust
belt (toward Iran) are the main tectonic features in
the region around Lake Van and farther east. Beyond
the eastern border of the Anatolian strike-slip tecton-
ics, there was a vast zone of convergence where the
23 October 2011 earthquake struck (Nicoll 2010;
Mouthereau et al. 2012). The BZFTB is subdivided
into four NW-trending tectonic zones from north-
east to southwest and major faults form the bounda-
ries of each tectonic zone (Jassim, Goff 2006). The
NW-SE trending Zagros Orogen Belt is divided into
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subtectonic units. The length of BZFTB within the
borders of Turkey (Marag-Hakkari) exceeds 650 km.
The faults in the eastern part of the BZFTB in Tur-
key, where the zone expands over a wide area, were
named as the Hakkari and Sirvan Segments (Emre et
al. 2013). The Sirvan Segment starts in the northeast
of central Siirt and extends for 60 km towards the east
in the direction of N 70°-85°W. It is seen that the
Sirvan Fault has a right lateral component in some
areas along its length. The Hakkari Segment extends
for 19 km with a direction of N 85°W and consists
of faults developed in a braided pattern in the region.
The other main deformation structures in the BZFTB
are folds. The main directions of the folds along the
suture zone vary; the majority of the folds that remain
on the borders of Turkey trend N—S or N 10—°W and
dip towards the north; however, these folds trend N
60—70°W in the Iraq region (Abdulnaby et al. 2021;
Afsari et al. 2011). The Bitlis-Zagros Fold-Thrust
Belt is one of the most seismically active regions
among the present active belts (Tatar et al. 2004). The
Zagros fold-thrust belt is famous among geologists
and is one of the most-studied terrains in the world.
Because of its unique structures, the Zagros orog-
eny is challenging for many researchers and experts
(Tatar et al. 2004; Dewey et al. 1973; Dercourt et al.
1986; Stampfli, Borel 2002; Mouthereau et al. 2012;
Jassim, Goff (20006)).

The aim of this paper is to examine the coseis-
mic displacements of GNSS stations (near the Bitlis-
Zagros Fold-Thrust Belt) that are part of the CORS-
TR geodetic network after the double earthquake
of Maras that occurred in the vicinity of the city of
Maras (6 February 2023).

MATERIALS AND METHODS

Trimble CenterPoint RTX GNSS processing
software

The Trimble RTX service utilized in this research
may be accessed at https:/trimblertx.com/. The serv-
ice makes it possible to submit GNSS observation
data to the system and obtain coordinate information
as a report. For data acquired before 23 March 2017,
position computations are performed by using the
ITRF2008 (International Terrestrial Reference Frame)
datum, while for data gathered after 23 March 2017,
they are made using the ITRF2014 (International
Terrestrial Reference Frame) datum. Additionally, it
gives the user a choice of tectonic plates and a differ-
ent coordinate system. The service accepts observa-
tion files in the RINEX 2.x, RINEX 3.x, Trimble TO1,
T02, and DAT formats. A minimum of 60 minutes
and a maximum of 24 hours should be included in ob-
servation files. Only static data files should be used.
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Dual frequency coding and carrier phase observations
(L1 and L2) should also be included. Less than two
minutes after the observation files are submitted to
the system, the findings are provided to the email ad-
dress. The Center Point RTX post-processing serv-
ice allows the transformation of the current epoch
ITRF2008 / ITRF2014 position to another reference
frame with a different reference epoch and based on
a selected tectonic plate. If the user is not using the
current epoch of ITRF2008 / ITRF2014 and is not
sure which plate they’re on, it is recommended to se-
lect (Auto-detect) for the tectonic plate setting. The
achievable accuracy level of the Center Point RTX
post-processing service is 2 cm or better in the hori-
zontal and approximately 6 cm in the vertical. This
is based on a minimum 1-hour observation file. As
the data session approaches, but does not exceed 24
hours, accuracy can approach 1 cm in the horizontal
and 3 cm in the vertical (Trimble 2023).

Static GNSS method

To determine high-precision three-dimensional co-
ordinates at traverse stations, GNSS surveying using
the static method is often preferred. These systems
offer coordinates of ground sites at a millimetre level
in both the horizontal and vertical components. Ad-
ditionally, precise azimuth determination is made
possible by the static GNSS method, allowing for the
establishment of the network’s orientation in relation
to the reference system. When compared to networks
observed with electromagnetic distance measuring
devices, surveying networks with GNSS positioning
have the advantage of not requiring inter-visibility
and are more robust against geodynamic phenom-
ena like polar motion, Earth tides, and crustal motion
(Jackson, Kagan 2011; Ghilani, Wolf 2012; Gonzales
2009; Hoffman et al. 2008).

Study site

The Bitlis-Zagros Fold-Thrust Belt, which stretch-
es from Turkey and Iraq in the north to the Strait of
Hormuz in the south, was created as a consequence
of collision. According to geological data, the Bitlis-
Zagros Fold-Thrust Belt experienced a number of
tectonic events that had an impact on diverse regions
of the belt. Among the currently active belts, the Bit-
lis-Zagros Fold-Thrust Belt is one of the seismically
active zones (Tatar et al. 2004). There are two main
tendencies in the Bitlis-Zagros Fold-Thrust Belt: the
E-W Bitlis Trend between the Arabian and Anato-
lian plates and the NW—SE Zagros Trend between
the Arabian and Iranian plates. The curvature of the
northern Arabian Plate edge determines the curved
form of this mountain belt’s trend. The Anatolian



Plate is experiencing a space issue as a result of the
Arabian Plate colliding with it. The Turkish Plate is
thus shifting laterally to the west along two significant
conjugate strike-slip faults that penetrate the Earth’s
crust. According to Abdulnaby et al. (2021) and Af-
sari et al. (2011), the East Anatolian Fault (EAF) and
North Anatolian Fault (NAF) are to blame for some
of Turkey’s most deadly earthquakes (Fig. 1).
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Fig. 1 Bitlis-Zagros Collision Zone and other plates in Tur-
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RESULTS

In order to totally understand the magnitudes of the
displacements brought on by the Maras doublet earth-
quake in Pazarcik and Elbistan, the data of CORS-TR
stations near the earthquake epicentre is quite use-
ful. These stations in the CORS-TR network (Fig. 2)
record data at 1-second intervals, which makes them
especially useful for examining earthquakes and
crustal deformations. The CORS-TR server provided
a 24-hour RINEX observation file with 1/30-second
interval (Receiver Independence Exchange). The 24-
hour RINEX observation file was obtained from these
stations processed and analysed by using the Trimble
CenterPoint RTX GNSS post-processing software
(static (24 hours) — record interval: 1/30 second).
Static processing results were derived from the static
solutions (24 hours) by computing the ITRF 2014 Ep-
och with 2023.1 coordinates with horizontal accuracy
of 2—6 mm and 6—11 mm in vertical coordinates be-
fore the two earthquakes period (05 05 2023), (Tab-
le 1).

The data of 6 February 2023 were processed
and analysed by using the Trimble Center Point
RTX GNSS post-processing software (static
method, 1-second interval) to examine the earth-

Table 1 Standard deviations and ITRF14 (2023.1 Epoch) coordinates of six CORS-TR stations near the region of the

Maras doublet earthquake on 05 02 2023

Station Latitude () Longitude (1) Altitude (h) [m] | Std () [mm] | Std (A) [mm] | Std (h) [mm]
ELAZ 38°38'40.83240" 39°15'23.28191" 1027,382 2 3 6
ERGN 38°16'10.59042" 39°4529.50834" 987,868 3 5 11
HAK1 37°34'34.15862" 43°442.46854" 1773,275 3 4 7
MARD 37°18'37.81732" 40°43'41.84458" 1064,181 2 4 8
SEM1 37°18'21.30428" 44°34'22.17913" 1413.792 2 4 8
SRT1 37°56'17.10932" 41°5525.57331" 925,596 4 6 11
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Fig. 2 CORS-TR stations in the study region (Bitlis-Zagros Fold and Thrust Belt)
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quake impacts that may be seen. The coordinates
of six CORS-TR stations (05 05 2023) obtained
by processing the static method were compared
with the coordinates (06 02 2023) obtained by us-
ing the static method. Figures 3, 4, 5, 6, 7, and 8 show
how the Maras-centred doublet earthquake impacted
these CORS-TR stations (compute the obtained coor-
dinate differences).

Figure 3a shows the discrepancies in ELAZ sta-
tion’s horizontal and vertical components. The posi-
tion of the ELAZ station before the first earthquake,
during the first and second doublet earthquake, as
well as its instantaneous vector motions, are shown in
Fig. 3a. Two earthquakes’ positions and vector mo-
tions are shown in three dimensions in Fig. 3b. Fig-
ures 3a and 3b illustrate where the ELAZ point was
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on 5 February 2023 (blue circle), where it was on 6
February 2023, during the first earthquake (red cir-
cle), and where it was on 6 February 2023, during the
second earthquake (black circle). At the ELAZ sta-
tion (Fig. 3a), the horizontal displacement computed
before/after the first earthquake was totally 4.3 cm
in the south-west direction, whereas the horizontal
displacement calculated after the second earthquake
was totally 2.9 cm in the south-west direction. The
total horizontal displacements after two earthquakes
were computed to be 7.2 cm in the south-west direc-
tion. At the ELAZ station, the swelling movement
in height values was observed at 1-1.9 cm after two
earthquakes.

Figure 4a depicts the differences in ERGN sta-
tion’s horizontal and vertical components. The posi-
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Fig. 3 (a) Horizontal displacements of ELAZ station before/during doublet earthquake in the study region by using static
GNSS method (05 02 2023-06 02 2023); (b) 3D displacements of ELAZ station and Horizontal Distances Differences

(AS) among the earthquakes
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Fig. 4 (a) Horizontal displacements of ERGN station before/during two earthquakes in the study region by using static
GNSS method (05 02 2023-06 02 2023); (b) 3D displacements of ERGN station and Horizontal Distances Differences

(AS) among the earthquakes
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tion of the ERGN station before the first earthquake,
during the first and second earthquakes, as well as
its instantaneous vector motions, are illustrated in
Fig. 4a. Two earthquakes’ positions and vector mo-
tions are shown in three dimensions in Fig. 4b. Fi-
gures 4a and 4b show where the ERGN point was
on 5 February 2023 (blue circle), where it was on 6
February 2023, during the first earthquake (red cir-
cle), and where it was on 6 February 2023, during
the second earthquake (black circle). At the ERGN
station (Fig. 4a), the horizontal displacement com-
puted before/after the first earthquake was 2.96 cm in
the north-east direction, whereas the horizontal dis-
placement computed after the second earthquake was
0.24 cm in the south-east direction. The total hori-
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zontal displacements of 3.11 cm in the north-east di-
rection were obtained. At the ERGN station, collapse
movements in height values were observed at 4-5 cm
after two earthquakes (Fig. 4b).

Figure 5a illustrates the discrepancies in the HAK 1
station’s horizontal and vertical components. The po-
sition of the HAK1 station before the first earthquake,
during the first and second earthquakes, as well as its
instantaneous vector motions, are shown in Fig. 5a.
Two earthquakes’ positions and vector motions are
shown in three dimensions in Fig. 5b. Figures 5a and
5b show where the HAK1 point was on 5 February
2023 (blue circle), where it was on 6 February 2023,
during the first earthquake (red circle), and where it
was on 6 February 2023, during the second earthquake
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Fig. 5 (a) Horizontal displacements of HAK1 station before/during two earthquakes in the study region by using static
GNSS method (05 02 202306 02 2023); (b) 3D displacements of HAK1 station and Horizontal Distances Differences

(AS) among the earthquakes
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Fig. 6 (a) Horizontal displacements of MARD station before/during two earthquakes in the study region by using static
GNSS method (05 02 202306 02 2023); (b) 3D displacements of MARD station and Horizontal Distances Differences
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(black circle). At the HAK1 station (Fig. 5a), the hor-
izontal displacement computed before/after the first
earthquake was 0.70 cm in the south-east direction,
whereas the horizontal displacement calculated after
the second earthquake was 0.30 cm in the west direc-
tion. The total horizontal displacements of 0.80 cm in
the west direction were gained. At the HAK1 station,
swelling movements in height values were observed
at 0.2-0.4 cm after two earthquakes, see Fig. 5b.
Figure 6a shows the discrepancies in MARD sta-
tion’s horizontal and vertical components. The posi-
tion of the MARD station before the first earthquake,
during the first and second earthquakes, as well as its
instantaneous vector motions, are shown in Fig. 6a.
Two earthquakes’ positions and vector motions are
shown in three dimensions in Fig. 6b. Figures 6a and 6b
show where the MARD point was on 5 February 2023
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(blue circle), where it was on 6 February 2023, during
the first earthquake (red circle), and where it was on
6 February 2023, during the second earthquake (black
circle). At the MARD station (Fig. 6b), the horizontal
displacement computed after the first earthquake was
2.6 cm in the north-east direction, whereas the hori-
zontal displacement calculated after the second earth-
quake was 0.7 cm in the south-east direction. The total
horizontal displacements were 3.3 cm in the north-east
direction. At the MARD station, collapse movements
in height values were observed at 0.3—0.7 cm after two
earthquakes, see Fig. 6b.

Figure 7a illustrates the discrepancies in SEM1
station’s horizontal and vertical components. The po-
sition of the SEM1 station before the first earthquake,
during the first and second earthquakes, as well as its
instantaneous vector motions, are shown in Fig. 7a.
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Fig. 7 (a) Horizontal displacements of SEMI1 station before/during two earthquakes in the study region by using static
GNSS method (05 02 2023-06 02 2023); (b) 3D displacements of SEM1 station and Horizontal Distances Differences

(AS) among the earthquakes
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Two earthquakes’ positions and vector motions are
shown in three dimensions in Fig. 7b. Figures 6a and
6b show where the SEM1 point was on 5 February
2023 (blue circle), where it was on 6 February 2023,
during the first earthquake (red circle), and where it
was on 6 February 2023, during the second earth-
quake (black circle). At the SEMI station (Fig. 7a),
the horizontal displacement computed after the first
earthquake was 0.35 cm in the south-west direction,
whereas the horizontal displacement calculated after
the second earthquake was 0.33 cm in the south-west
direction. The total horizontal displacements were
computed to be 0.68 cm in the south-west direction.
At the SEM1 station, collapsing-swelling movements
in height values were observed at 0.2-0.4 cm after
two earthquakes.

Figure 8a displays the discrepancies in SRT1 sta-
tion’s horizontal and vertical coordinates. The loca-
tions of the SRT1 station before the first earthquake,
during the first and second earthquakes, as well as its
instantaneous vector motions, are shown in Fig. 8a.
Two earthquakes’ positions and vector motions are
shown in three dimensions in Fig. 8b. Figures 8a and
8b depict where the SRT1 point was on 5 February
2023 (blue circle), where it was on 6 February 2023,
during the first earthquake (red circle), and where it
was on 6 February 2023, during the second earth-
quake (black circle). At the SRT1 station (Fig. 8a),
the horizontal displacement computed after the first
earthquake was 0.9 cm in the south-west direction,
whereas the horizontal displacement computed after
the second earthquake was 0.34 c¢cm in the north-west
direction. The total horizontal displacements were
calculated to be 1 cm in the north-west direction. At
the SRTI1 station, collapsing movements in height
values were observed at 3.3—4.4 cm after two earth-
quakes, see Fig. 8b.

DISCUSSION

The Bitlis-Zagros Fold-Thrust Belt is one of the
world’s largest deformation zones, extending from
the Eastern Mediterranean in southern Turkey to the
south of Iran. This deformation zone is partitioned
between different structures; however, little is known
about the relative activities of these different struc-
tures and their effects on topography. It is clearly un-
derstood that the earthquakes in Turkey were caused
by the collision of the Arabian plateau and Anatolia
in the Bitlis Thrust Zone, which arcs in the south-
east. The horizontal and vertical displacements (co-
seismic) caused by the 6 February 2023 Maras dou-
ble earthquake were effectively determined by using
the static GNSS processing method. For this reason,
CORS-TR stations close to the Bitlis-Zagros Fold-
Thrust Belt were selected. Using GNSS data of these

stations by using the static method, horizontal and
vertical displacements were successfully computed
with cm accuracy. The biggest horizontal displace-
ment value was obtained at the ELAZ station, which
is about 200-255 kilometres from the epicentres of
two earthquakes. This horizontal displacement value
was 7.2 cm in the west direction for the ELAZ sta-
tion. As can be seen from the data obtained from these
CORS-TR stations, the effect of the earthquake on
the horizontal and vertical components was approxi-
mately 0.2-7.2 cm. Elaz1g is a settlement centre lo-
cated on the Eastern Anatolian Fault Line, where the
earthquake risk is the highest. Elazig is surrounded by
active faults on all sides. It is obvious that Elazig city
centre is covered with alluvial soils and the buildings
in the region are at high earthquake risk.

CONCLUSIONS

After the Marag doublet earthquake, south-west-
erly movements were observed at the ELAZ station,
and south-east movements were observed at ERGN
and MARD stations. These motions of ELAZ, ERGN
and MARD stations can cause other earthquakes in
the region of Bing6l, Van, Bitlis and Mus in the fu-
ture (When the EAF produced the 6 February earth-
quakes, it may have transferred some energy — pos-
sibly as much as 20 percent — to this Bitlis-Zagros
thrust zone. This means that new earthquakes may
occur, especially in the cities between Adiyaman and
Hakkari, with the activation of the Bitlis-Zagros belt).
Northern Iraq represents part of the convergent plate
boundary between the Arabian and Eurasian plates.
The collision zone between these two plates is mani-
fested by the Bitlis-Zagros Fold-Thrust Belt. This belt
is one of the most seismically active regions among
the present active belts.
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