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Abstract: At the very end of the year 2020, on 29 December, a hazardous earthquake of My, = 6.2 hit
the area of Petrinja and its surroundings, in the NW of Croatia. The earthquake was felt across the
area of 400 km, leaving an inconceivable damage in the vicinity of the epicenter, devastated towns
and ruined lives. In order to map the spreading of earthquake waves and to determine the coseismic
ground displacement after the mainshock, we have analyzed open satellite radar images of Sentinel-1
and the GNSS data from the nearest CORS station related to the epicenter, along with the seismic
faults. In this paper, we addressed and mapped the displacement linear surface ruptures detected by
the SAR interferometry. The results show the vertical ground displacement to the extent of —12 cm in
the southern area and up to 22 cm in the north-western part of a wide area struck by the earthquake
impact, related to the epicenter. Subsidence and uplift in a range of +5 cm over a wider affected area
indicate a spatial extent and hazardous impact made by the earthquake. The ground displacement of
30 cm to the West and 40 cm to the East has been identified considering the intersection of Pokupsko
and Petrinja strike-slip fault system in the seismic zone of Pannonian basin. Accordingly, we obtained
matching results of 5 cm south-easting shift and —3 cm subsidence on Sisak GNSS CROPOS station,
addressing the tectonic blocks movement along the activated complex fault system. The results
compared with the geology data confirm the existence of two main faults; the Pokupsko and the
Petrinja strike-slip faults and interpret the occurrence of secondary post-seismic events over the
observed area.

Keywords: 29 December 2020 hazardous earthquake; My,6.2 earthquake in Croatia; Sentinel-1; SAR
processing; coseismic ground displacement; GNSS

1. Introduction

In addition to damages caused by hazardous earthquake, another significant reper-
cussion of earthquake is land displacement. Most visible deformations are found over the
faults forming surface ruptures. Nevertheless, the displacements invisible to the naked
eye but still occurring are the ground displacements that can be determined by surveying
techniques. Since the displacements can result in shifts on the scale from millimeter to
meter, they are relevant to be observed and estimated.

Optimal estimation of surrounding area displacement can be made by precise leveling,
static GPS measurements and other precise geodetic field works. However, the mentioned
techniques are time-consuming and always challenging in terms of funding. In the mean-
time, until the field works are carried out, satellite images are of a great relevance providing
almost immediate first response to such occurrence.

In the last decade, Satellite Aperture Radar (SAR) has become a well established
measurement technique, suitable for different applications due to its possibility to observe
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and record the Earth surface regardless of the weather or clouds. The satellites equipped
with SAR record images of the Earth’s surface by emitting radar signal along the radar’s
beam line of sight (LOS) [1]. SAR satellites are continuously circling around the globe,
in the ascending and descending orbits, providing multiple spatio-temporal images that
provide thousands of images over the same area in different time periods. Repetition of
images over an identical area results in detection of land changes. A significant property of
the SAR technology is the phase value. Throughout the phase information mapped on the
interferograms, deformations due to large earthquakes can be detected and main faults
revealed. Some of the studies mentioned in [2] use SAR interferometry (InNSAR) to detect the
displacement related to land subsidence [3], earthquakes ([4—6]), highway deformation [7]
and similar land displacements ([8], anthropogenic deformation phenomenon [9,10]), or
urban change ([11,12]). It has also been proved by a recent study [13] that INSAR mea-
surements produce noise, but the noise can be reduced without the loss of significant
data information by applying the processing techniques. Many recent studies have fo-
cused to the usage of SAR technology in the estimation of ground deformation after large
earthquakes: Reference [14] estimated the land displacement but without detecting the
active major faults; Reference [15] highlighted the need to consider the coherence change
analysis and identify the limitations of the SAR applications; others ([16-20]) estimated
earthquake’s impact assessment based on the data derived from SAR. Furthermore, the
SAR technique is now used for the study of earthquakes and has been applied around the
World ([21-25]) and in Europe ([26-28]).

Considering the mentioned recent studies and parameters to be considered in appli-
ance of SAR images for earthquake’s impact assessment, the area of interest in this study is
free of heavy vegetation, and the coherence maps were used to minimize the atmosphere
effect. In this paper, we present the usage of multiple SAR satellite images acquired in
the period before and after the earthquake, in order to map the ground deformation and
displacement caused by the earthquake of magnitude My, = 6.2. The output of SAR interfer-
ometry is LOS displacement that can be converted to vertical and west-east displacement,
estimating the ground displacement. Therefore, we have analyzed SAR and GNSS data
and compared them to geological data, confirming the existence of two main faults over the
affected area and deriving the estimation of surface deformation of the surrounding area.

2. Geodynamic Framework

The Republic of Croatia is a member country of the European Union situated in the
southern part of Europe, on the eastern coast of the Adriatic Sea. As for its location, the
country lies in a very seismically active area due to continuous movement of the Adriatic
litospheric microplate to the North [29]. Although Croatia comprises five different tectonic
settings: the Pannonian Basin, the Eastern Alps, the Dinarides, the transition zone between
the Dinarides and the Adriatic plate, and the Adriatic micro plate itself [30], it has been
divided in 17 seismic zones for a detailed assessment of the seismic hazard [31], shown in
Figure 1. Additionally, the faults across Croatia, derived from the European Database of
Seismogenic Faults (EDSF), model FSBG V6.1 [32], are presented in the Figure 1. Seismicity
source in Croatia is mainly twofold: On its coastal side, the country lies on the border
of Micro Adriatic tectonic plate [33] and the mountainous chain of the Dinarides which
collide [34,35] while on the inland country side, the active faults cross over the middle part
of the country and belong to the Pannonian Basin fault zone.
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Figure 1. Figure shows the location of the Republic of Croatia (a), Pannonian Basin structure (b), and geotectonic units and

seismic faults and zones over Croatia (c). Pannonian Basin in (b), is derived from [36], while the faults are derived from

EDSF project, model V6.1 [32], and seismic zones from [31]. Topography is generated from the 1 arc second SRTM [37], with

Open Street Maps in the background.

Micro Adriatic tectonic plate and its movement have not been completely discovered
yet. Although it was first mentioned by McKenzie in 1972 [38], the first far-reaching geode-
tic researches of its movement were made in the 90s. Ward [39] made the first space geodetic
measurements of the Adriatic micro plate using VLBI data. Other studies (Calais et al. [40],
Battaglia et al. [29], Grenerczy et al. [41], Serpelloni et al. [42] D’Agostino et al. [43],
Devoti et al. [44], Marjanovic et al. [45]) analyzed the movement based on GPS measure-
ments but with different approaches: Their divergence was about the size of the plate and
the position of the pole of rotation for velocity vector. The latest studies predict convergence
of the Adriatic micro plate in the Dinarids at a rate of velocity vectors of <5 mm/yr [46].
Regarding the position and the size of the Adriatic micro plate, Ollier [47] recently tried to
determine it, but he found it too complex to be determined. Instead, he has defined it as a
consistent block, surrounded by the Apennine—Adriatic-Dinarids block, not supporting
the idea of the plate floating northwards or the idea of its collision in the zone between the
Africa and Europe. Hence, the Adriatic micro plate exists, it has its own movement, the
studies determine its velocity vectors, but its final size is still not known. Recent studies
([33,48,49]) agree upon the thesis that the micro Adriatic plate is responsible for a present
tectonic evolution of mountainous area of the Dinarides along the Croatian coast.

In the middle continental part of the country, a fault running through the country is
a southern marginal fault of the Pannonian Basin [50] which continues to run southward
to Banja Luka fault in Bosnia and Herzegovina. The Pannonian Basin is often neglected
since the most seismic events do occur at the coastal part of Croatia, and there is no record
of strong earthquake on that area until XIX century. First recorded earthquake greater
than VII MCS happened in 1861 [51]. However, the Pannonian fault area has become well
known in the seismic community due to Mohorovi¢i¢ research made exactly in that area
after the Kupa valley earthquake in 1909. At that time, Mohorovici¢ proved the existence of
a boundary-level Moho discontinuity, between the Earth’s crust and its mantle [52]. It was
also the time when Mohorovici¢ proposed a procedure for unique location of earthquake
focus and the analytical expression for the increase of elastic wave velocity with depth, so
called Mohorovici¢’s law [53]. Kupa valley earthquake was the strongest earthquake on
the Pannonian basin area that occurred before the Petrinja 2020 event. Its epicenter was
located 9 km North of Pokupsko with magnitude of M;,5.8, and the hypocentral depth of
14 km [54]. The estimated intensity was VIlIlo MCS. After that earthquake, over the last
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100 years, the magnitude of earthquakes in this area has not been greater than 5.4 on the
Richter scale (VI MCS) [31], until December 2020.

The Pannonian fault is characterized by rare occurrence of significant shocks [55].
Markusic et al. [31] attribute it to an intraplate seismicity, while Aljinovi¢ et al. [35] and
Herak et al. [56] defined tectonic movements in the area of Pannonian Basin as predomi-
nantly vertical on steeply dipping faults. The common properties of previous earthquakes
on this area are that the epicentral area elongates NW-SE. Herak et al. (2009) in [57] assumed,
by observing historical earthquakes of 1861 and 1909, that future earthquake could generate
fault corresponding either to NW-SE striking dextral or NE-SW striking sinistral fault set,
and when reactivated, the fault zone would invert accommodating dextral and reverse
motions due to recently NE-SW directed compression in this region.

Seismicity of Croatia

Regarding the geodynamic framework, the coastal part of Croatia is the most seis-
mically active one. In historical records, the Dubrovnik area was the most seismically
active area, with even 8 seismic events greater than IX MCS [53], out of which the strongest
earthquake occurred in 1667, with intensity X MCS. Nevertheless, there have been other
significant earthquakes along the Adriatic coast in the 15th, 16th, and 18th centuries. Dur-
ing the last decades, also significant seismicity in the Central Adriatic has been noticed due
to the increase in quality and number of regional seismological stations [53]. Considering
the most populated area, namely the capital city Zagreb and its metropolitan area, large
number of strong earthquakes occurred there in the 17th century [53], of which the largest
one had an intensity of M,6.3, occurring in 1880 in Zagreb.

Considering the seismicity in Croatia from 1900, all significant earthquakes with
M, > 5 (Biokovo earthquake in 1962 with M,6.1, Ston-Slano earthquake in 1996 with
My,6.0, and the earthquake sequence on Jabuka island in south Adriatic in 2003 with
M,,5.5 [53]) occurred in the south Adriatic, except the Kupa Valley earthquake, occurred in
Pannonian basin in 1909.

Figure 2 displays the earthquakes that happened in the last 16 years, in the period
between 2004-2021, over Croatian territory. The time span has been set to the last 16
years due to available seismic data distributed publicly by the European-Mediterranean
Seismological Centre (EMSC) [58]. Left subfigure shows the earthquakes that happened in
period between 2004 and December 2020, while the subfigure on the right side shows the
earthquakes that happened in the period between 15 December 2020 and 1 February 2021.
The main aftershocks are occurring along the NW-SE direction, following the Pannonian
fault location (see Figure 2, subfigure on the right, orange dots).

In the last 16 years until December 2020, more than a thousand seismic events hap-
pened on the Croatian territory, out of which about 25% were of magnitude M, < 2.5.
Furthermore, in that period, there have been 19 (data by EMCS) occurrences of earthquakes
My 2 4 and only one M, > 5. This M,,5.4 earthquake was also a hazardous earthquake
with the epicenter near the Croatian capital city, also dating from 2020 (March), which
caused human loss and enormous material damage [59].
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Figure 2. Figure displays seismic activity on the Croatian territory in the period between 1 January 2004 and 15 December
2020. (left) and in the period between 15 December 2020 and 7 January 2021 (right). Earthquake data was obtained from

EMSC [58].

3. Study Area

The Pannonian fault is situated between 45° and 45.6° N (see in Figure 2) and 16° and
17° E, as shown in Figure 2 and its dangerous seismic potential is often ignored since most
of the seismicity is (3 >= M, <= 4) is distributed along the Croatian coast (Figure 2), and
the Pannnian basin is considered as a low seismic risk zone by recent seismic risk maps of
Croatia ([60,61]).

However, on 29 December 2020, Croatia was hit by one of the most hazardous earth-
quakes in its seismic history, M,6.2 on the Richter scale. According to [62], the earthquake’s
intensity can be described by primary and secondary effects via the Environmental Seismic
Intensity scale (ESI) 2007. Considering the ESI scale [62], Petrinja earthquake belongs to the
IX—destructive type of earthquake, since the ground ruptures developed up to a few km
long with offset of about several cm as a primary effect, and as secondary effect, significant
cracks in paved road-shave, liquefaction, cracks and fissuring occurred in a diameter of
10 km related to the epicenter.

The tremor occurred at a depth of 6 km [54]. A day before the mainshock, there were
two major events of M;,5.2 (28 December 2020 at 05:28) and M;,5.0 (28 December 2020 at
06:49) that were considered as a mainshock until the 29th. The analysis of the possible
preceding events related to the mainshock on the 29th and the main foreshock on the
28th showed that during the one year period prior to the mainshock, there had been only
one event exceeding the magnitude of two Richter scale (M;3.0), in August 2020. Two
events greater than magnitude two Richter (My2.0 and My,2.8) occurred on the day of the
mainshock, but regarding the earthquakes of the magnitude around 5 the day earlier, these
two events were classified as a normal events following the major shocks while it was still
believed that the mainshock was the one of the magnitude M,5.2.

In the following month after the mainshock until the 1 February, numerous aftershocks
occurred in the affected area, more than a thousand of them altogether still occurring at a
rate of few of them per day. Most of the earthquakes which occurred after the mainshock
had a magnitude bellow M = 2.5, 9 of them exceeded the magnitude M = 4, and one
out of those nine was stronger than M = 5 on the Richter scale, on 6 January 2021. The
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Figure 3. The graph shows earthquakes with magnitudes over My, 1.5, in the period between 28 December 2020 and 1
February 2021. The data is acquired from EMSC [58]. Silent seismic activity over the year prior to the main foreshock is

shown on the upper inset.

4. Data and Methodology

On 29 December 2020, a strong earthquake M;,6.2 hit near Stra$nik village in the
NW Croatia [63]. The tremor occurred at a depth of around six kilometers, with intensity
at the epicenter of VIII EMS scale, occurring on the intersection of longitudinal NW-SE
right-lateral and transverse NE-SW left-lateral faults along the transitional contact zone
of the Dinarides and the Pannonian Basin [54]. All significant institutions for earthquake
detection registered and processed the data of the earthquake. In a recent paper [54], Figure
4 shows the focal parameters of the earthquake determined by the INGV [64] and the USGS
that describe it as a result of shallow strike-slip faulting within the Eurasia Plate [65]. In
order to map the event of this earthquake and its effects on the ground displacement in
the area affected by the earthquake, we analyzed the multiple spatio-temporal Sentinel-1
satellite C-SAR (C-band synthetic aperture radar) images and the continuous s GNSS data
of the nearest reference station.
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4.1. SAR Data

Sentinel-1 is the first mission of a Copernicus initiative, the European initiative for
online dissemination of global satellite data free of charge. Copernicus is the European
Union’s Earth observation program fully operated since 2014 [66]. It is a joint program
coordinated in partnership between the European Commission, European Space Agency
(ESA), the EU Member States, and EU agencies providing an open information service
with satellite and non-satellite Earth observation data. Sentinel-1 has two polar-orbiting
satellites: Sentinel-1A and Sentinel-2B launched in 2014 and 2016, respectively. The Sentinel
mission has four modes of distribution of its data. We chose the Interferometric Wide
Swath (IWS) mode. Overall coverage of one Sentinel image in IWS mode is 250 km swath,
5 x 20 spatial resolution [67]. Each Sentinel-1 IWS image is referred to as swath and is
divided into three horizontal areas called sub-swaths. A sub-swath consists of nine vertical
areas called bursts. Each satellite has 12 days revisit time cycle with 175 orbits/cycle. They
are circulating around the globe with the path on which they travel from the South to the
North belonging to the ascending orbit, while the descending orbit is directed vice versa.
Therefore, the Sentinel images can be acquired in an ascending or descending orbit. The
Sentinel-1 data products are distributed in three levels shown in Table 1. Since the energy of
this earthquake M,;,6.2 caused effects on the building stock, such as the collapse of houses
and the destruction of towns and villages, and on the natural environment, such as the
activation of landslides, it was necessary to evaluate, quickly, the ground displacements
of the land, in order to get a ground displacements assessment. For that purpose, we
used a Level-1 images of Sentinel-1, Single Look Complex (SLC), partially processed data
with preserved phase (see Table 1). Furthermore, since the most advantageous feature of
SAR technology is that it enables acquiring images regardless of the clouds or any weather
condition, we used interferometric wide (IW) sub-swaths.

Even though SAR satellites record the distance along the radar path, it is not possible
to say whether the Earth’s surface has moved vertically or horizontally only by using one
of the satellite orbits (ascending or descending). The displacement that is identified by
SARs corresponds to the spatial displacement vector in the direction of the radar signal. To
estimate ground movement, it is necessary to combine both orbits.
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Table 1. Properties of used Sentinel-1 SAR images.

Sentinel Acquisition Date Relative Orbit Track Subswath Initial Burst Last Burst
1A-SLC 18 December 2020 T146 w2, IW3 6 8
1A-SLC 30 December 2020 T146 IW2, IW3 6 8
1A-SLC 11 January 2021 T146 IW2,IW3 6 9
1A-SLC 23 January 2021 T146 W2, IW3 6 9
1B-SLC 23 December 2020 T124 w2 5 7
1B-SLC 4 January 2021 T124 w2 5 7
1B-SLC 16 January 2021 T124 W2 5 7
1B-SLC 28 January 2021 T124 W2 5 7

Therefore, we chose both Sentinel-1A and Sentinel-1B images. Sentinel-1A images
were in ascending orbit, in relative orbit number T146, while Sentinel-1B images were in
descending orbit, number T124. The two satellites are complementary, each has revisiting
time of twelve days mutually spaced apart by six days, which makes it possible to get
the images of the area of interest in a time span of six days. For the first stack of before,
we have selected Sentinel-1A on 18 December 2020 and Sentinel-1B on 23 December 2020,
and for after earthquake state-of-the-art, we used Sentinel-1A on 30 December 2020. and
Sentinel-1B on 4 Januray 2021 respectively (see Table 2). These images were the only ones
available for the area of interest at the moment of research, which was in the first week after
the earthquake. The images were selected and downloaded via Copernicus Sci Hub data
site [68]. Later on, during January 2021, we downloaded two more pairs of corresponding
images (Table 2) in order to analyze land displacement after the series of earthquakes.

Table 2. Displacement values related to each Sentinel orbit separately, in [cm].

Satellite LOS Displ. UP-DOWN Displ. EAST-WEST Displ.
min/max min/max min/max
1A-IW-SLC —30.6/43.0 —40.8/57.0 —46.0/65.6
1B-IW-SLC —17.7/35.4 —23.3/46.0 —27.2/55.2

We conducted a well established procedure for interferometry processing [69] in a
Sentinel Application Platform (SNAP), European Space Agency’s (ESA) open toolbox for
Sentinel analysis [70]. Our sequence of processing is given in a Figure 4. We created
interferograms of unwrapped phase for each subswath in case of Sentinel-1A, merged
them after debursting, and continued with a single product in differential SAR processing
and unwrapping the phase. We did the unwrapping with the SNAP’s plugin snaphu
outside of SNAP toolbox, but later on, we computed the displacements separately using
well known equations for displacement computation from the unwrapped phase (more
details in [12,15]). After the determination of the Line of Sight (LOS) displacement, we
corrected the values for the topographic correction and finally computed the estimation of
vertical ground displacement after the earthquake. The vertical ground displacement was
computed by LOS displacement and incident angle 6 using the expression ([71,72]):

LOSisp
cos@ ’

DISPygrr = (1)

As for the elevation data for the removal of topographic phase, we used 1 arc second
Shuttle Radar Topography Mission (SRTM) [37] digital elevation model (more details on:
https:/ /lpdaac.usgs.gov/products/srtmgl1v003/, accessed on 10 Januray 2021).

4.2. GNSS CORS Data

To independently assess the results obtained by SAR analysis, we processed the GNSS
data obtained at the national GNSS CORS reference station SISA, located on the observed
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area, in Sisak. SISA station is one of 30 continuously operating reference stations (CORS),
belonging to Croatian GNSS network of continuous observing reference stations. CROPOS
was established in 2008, with three running services. It provides the accuracy of 2 cm
positional and 4 cm in vertical sense for a real-time (RTK) GNSS measurements and sub-
centimeter accuracy for post-processing [73]. High level of accuracy was achieved on the
grounds that it had continuous millimeter stability. Such stability is needed in order to
have centimeter real-time positioning and in order to act as a national reference frame for
displacement and other geophysical studies.

We downloaded and used daily 30 s interval GNSS measurements from SISA reference
station for 10 days before and 10 days after the earthquake. The GNSS measurements
were downloaded in RINEX (eng. Receiver Independent Exchange) v. 3.03. format from the
GPPS service for the purpose of post-processing. Due to the substantial amount of data,
the authors found it appropriate to use the 30-minute interval, and therefore, originally
sampled data of 1 s were resampled to 30 s. A period of ten days before and ten days after
the earthquake was observed. Median value of ten days prior to the earthquake for each of
three coordinates was set as a reference coordinate value for further analysis. Regarding the
reference value, the shift in northing, easting, and height direction was computed, given in
detail in the next section.

5. Results

The interferogrammetric phase represents the difference in a recorded signal’s dis-
tance acquired by two SAR’s. It is expressed by wavelength, and it can be mapped on
interferogram. Each visible fringe on the interferogram corresponds to the wavelength unit
depending on a band used by the radar. In case of C-SAR images used in this study, the
wavelength for C-band is 5.6 cm. Figure 5 shows four interferograms: On the upper left,
there is the interferogram for the Sentinel-1A ascending orbit, and on the upper right, there
is for Sentinel-1B descending orbit acquired in the period of one week before and one after
the earthquake, while on the lower left and right insets the interferograms in the period of
weeks after the earthquake have been shown determined from the Sentinel-1A ascending
orbit and the Sentinel-1B descending orbit, respectively. Both (a) and (b) interferograms
shown in Figure 5 show a good correlation with the signal dominated by deformations,
not by atmosphere, orbit, or digital elevation model errors. In that way, the interferogram
clearly indicates the existence of the deformation. The slight mutual differences are visible,
but it is expected due to different incident angles ranging from 36.24 to 45.78 and 35.03
to 41.73 degrees for Sentinel-1A and Sentinel-1B, respectively. From the after-earthquake
state-of-the-art interferograms, shown in (c) and (d) insets of Figure 5, the deformation is
still visible but on the smaller scale, implicating that the ground displacements are still
occurring as the ground continuously trembles a month after the earthquake.

By unwrapping the interferometric phase, we obtained the displacement in line of
sight (LOS) of the SAR radar. Although it is expected for the inverse orbits when analyzed
separately to yield different results with mutually inverse sign, it is still interesting to see
(Figure 6) the significant differences obtained: Amplitude of LOS displacements obtained
by the Sentinel-1A has the range of 74 cm unlike the one obtained by the Sentinel-1B
with the range of 53 cm. LOS displacement is not a value that expresses the exact ground
movement of the Earth’s surface, but it reveals the existence of land motion. By combining
the inverse orbits and having in mind that the SAR is more sensitive to vertical motion
than to horizontal, vertical movement can be roughly isolated and determined.

On 9 January 2021, while we were working on this research, the Croatian Geological
Institute (CGI) released their new findings [74] about the earthquake, mapping the direction
of two faults that are intersecting near the epicenter of this earthquake. The NW-SE fault
defined by Croatian Geological Institute is in accordance with the ESDF global Faul Model
V6.1, but somewhat eastwards. It is obvious that both sources (ESDF V6.1 and CGI’s faults)
have the same fault mapped, but we assume that the global model is a rough estimate, and
CGlI is a more precise one due to thorough regional measurements made by CGI. Hence,
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we included the newly mapped faults of Pokupsko fault (stretching NW-SE) and Petrinja
fault (stretching SW-NE) determined by Tvrtko Korbar from CGI [54,74]. The two faults
are dividing the area distressed by the earthquake in four quadrants. The faults can be
clearly recognized from the LOS displacements in the period of the week before and after
the mainshock, registered by the SAR satellite, seen in Figure 6.

I
16.3 16.4 16.1 16.2

16.3 16.
created by: Olga Bjelotomi¢ Orsuli¢

* mainshock Mw6.2 29.12.2020. == Petrinja fault === Pokupsko fault phase: Sentinel-1
0 5 10 km geological faults: T.Korbar (CGI)
) cite as: Bjelotomic Ordulic et al (2021)

Figure 5. Figure shows interferograms over the earthquake area in NW Croatia: from the ascending orbit of Sentinel-1A
(left) and descending orbit of Sentinel-1B satellite (right).

Based on Equation (1), we made an estimation of the Earth’s surface ground displace-
ment, in vertical up-down and horizontal east-west direction. The computation was made
using LOS displacement incident angle values [14] at every pixel prior to conducting the
terrain correction. During the DinSAR processing, pixel size was set to 27 m. Incident angle
was obtained from the corresponding SAR images, ranging from 36.24 to 45.78 and 35.03
to 41.73 degrees for Sentinel-1A and Sentinel-1B, respectively. The values of computed
ground displacement differ from LOS displacement values by 30% and 50% for vertical
and horizontal displacements, respectively, as seen in Table 2. This relation between the
LOS and ground displacements corresponds to similar studies [71], where authors have
used fixed value for the incident angle and therefore got the enlargement of 20% in favor
of vertical displacement regarding the LOS displacement. However, for the purpose of
this study conducted on a relatively small area, it was found necessary to use origin pixel
values of incident angle to estimate behavior of ground deformation as much as possible
with SAR data.



Geosciences 2021, 11,170

11 of 18

.Majske poljane

oGlina
16.2 16.3
* mainshock Mw6.2 29.12.2020. main foreshock Mw5.0 28.12.2020. == Petrinja fault === Pokupsko fault
foreshocks aftershocks
» 3.0-3.99 3.0-3.99 0 5 10 km created by:Olga Bjelotomic¢ Orsuli¢
~ [ | seismic data: PMF(GFZ) UNIZG
> 4.0-4.99 ° 4.0-4.5 geological faults: T.Korbar (CGI)
© 5.0-5.99 *« 4,5-499 LOS disp: Sentinel-1

Figure 6. Figure shows LOS displacement over earthquake area in NW Croatia: ascending orbit of Sentinel-1A (left) and
descending orbit of Sentinel-1B satellite (right) [54].

During the January 2021, we acquired subsequent time-series of SAR images (see
Table 1) and analyzed the behavior of the ground movement in the weeks following the
mainshock. We corrected the displacement for the coherence factor of <0.4, eliminating the
noise signal and giving the true insight in the most significantly affected areas. We have
analyzed four pairs of subsequent images from both orbits, but the ground movement is
visible only on the first pair taken shortly prior and after the earthquake. Despite the fact
that more than a thousand aftershocks happened during January (see Figure 3), the images
acquired in the month following the mainshock show neglectable ground displacement of
only few millimeters, while the first pair of images clearly identifies Petrinja town as the
most displaced one, shifted up to 40 cm to the east (see Figure 7), situated on the eastern
part of the Pokupsko fault. On the western side of Pokupsko fault and on the side of
the epicenter, the displacement toward the West is visible with the greatest shift of 60 cm
luckily mainly in the uninhabited area, reaching Glina city at its borders. Majske poljane
is the village that has been razed to the ground. The Figure 8 gives an insight: Majske
poljane is located over the Petrinja fault where there was also the epicenter is located. This
is the area mostly affected by the western displacement of Pokupsko surface rupture. The
twofold impact made an immense damage both in Majske Poljane and Petrinja.

Dominant impact of the earthquake on horizontal movement is visible from the
computed east-west ground displacement shown in Figure 8. Moreover, the enlargement
of the horizontal displacement related to LOS displacement implies such a conclusion.
Taking into account that SAR images show the movement relative to satellite position
and are not referenced to fixed ground point, ground displacements obtained from the
SAR can be used for the interpretation and indication, not as an absolute determination
of the displacement. The horizontal ground displacement happened related to Pokupsko
fault, shifting the area of Petrinja to the east by up to 40 cm, and the area towards Glina by
around 30 cm to the West. The extreme values of horizontal displacement are bounding
the longitudinal Pokupsko strike-slip fault with the epicenter at transversal Petrinja strike-
slip fault. The horizontal west—east ground displacement seen in Figure 8 identifies the
intersection of the Pokupsko and Petrinja strike-slip faults as the maximum horizontal
shift occurred at the left and right quadrant related to it. The wider affected area shown
in Figure 8 is horizontally displaced within 5 cm, seen on Figure 8, which coincides with
GNSS analysis discussed at the end of this section.
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Figure 7. Figure shows LOS displacement in the period between (a) 18 December 2020 and 30 December 2020 from a
Sentinel-1A ascending orbit T146, (b) 24 December 2020 and 4 January 2021 from a Sentinel-1B descending orbit T124,
(c) 30 December 2020 and 23 January 2021 from a Sentinel-1A T146, and (d) 04 January 2021 and 28 January 2021 from a
Sentinel-1B T124 orbit.
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Figure 8. Figure shows east-west ground displacement over affected area.
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The vertical displacements range between —12 cm and 22 cm stretching over the
earthquake stricken area (see Figure 9). The spatial split between the land subsidence and
the land uplift follows the directions of Pokupsko and Petrinja strike-slip faults mapped
by Croatian Geological Institute [74]. Vertical displacement is mostly expressed in the
western quadrant; on the other hand, the displacement across the faults themselves is
minimal. However, we find the increased values of displacement on the western and
southern quadrant relatively expected due to topography indented in that area. On other
hand, in the northern and eastern quadrant, the displacement is lower than the topography
regarding the faults of Pokupsko and Petrinja, but there is still a displacement range of
£5 cm suggesting a real ground movement related to the earthquake and independent of
topography also in a wider affected area. The results of the horizontal west-east displace-
ment coincide with the recently published GNSS field measurements [75]. Comparing the
results from [75] with the results of the SAR analysis, the ground displacements around the
epicenter are the resultant vector of two identified strike-slip faults: Pokupsko and Petrinja,
as seen in Figure 9.

A (") main forshock 28.12.2020.
45.5 I mainshock 29.12.2020. M=6.2

= Petrinja fault

= Pokupsko fault

vertical displacement [cm]
B 2

[ -2

[ ]7

17

N >

45.4

s created by:Olga Bjelotomic¢ Or3uli¢
Mecencani seismic data: PMF(GFZ) UNIZG
® geological faults: T.Korbar (CGI)
processed data: Sentinel-1

cite as: Bjelotomic¢ Orsuli¢ et al (2021)

16.0 16.1 16.2 16.3 16.4 16.5

Figure 9. Figure shows vertical displacement over affected area.

The results of analyzed GNSS data show that there has been a significant shift of
SISA station of 5 cm towards the East and 2 cm to the South (see Figure 10). The eastern
shift coincides with the results we obtained from the SAR analysis, while the north-south
direction is not straightforward in SAR processing since SAR technique is more sensitive to
horizontal east-west shift neglecting the north—south shift since the orbit path stretches
along the north-south direction. As for the height, the SISA station shows subsidence
up to 3 cm, as seen in Figure 11, which is the complementary result obtained by the SAR
analysis: The identical displacement is obtained at the location of SISA station when vertical
displacement is derived from SAR analysis, shown in Figure 9. Considering the geological
field data acquired after the earthquake, a hundred sinkholes [76] opened as one of the
extreme post-seismic near-surface effects [54] in a small place Mecencani, located on a
south-east line of Pokupsko strike-slip faults, as shown in Figure 9. Comparing the vertical
displacements results obtained by SAR analysis and the geological occurrence of sinkholes,
it is visible from Figure 9 that the impact on the vertical dimension was the strongest on
the west side of Pokupsko strike-slip fault, reaching —6 cm subsidence over the Mecencani
area, probably activating the occurrence of sinkholes.
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Figure 10. The graph shows two-dimensional displacement of a CROPOS'’s SISA station due to the
earthquake, with ten blue dots representing SISA’s location ten days before the earthquake and ten
red dots the position during ten days after the earthquake.
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Figure 11. The graph shows positional (Northing and Easting) and vertical (Height) displacement
of a GNSS CORS CROPOS station SISA located 30 km from the epicenter. Blue color represents the
state before the earthquake and red color after the earthquake.

6. Conclusions

The work presented in this paper was focused on the hazardous earthquake of
My, = 6.2 that happened in NW Croatia on 29 December 2020. The research was conducted
on a real time basis as the Sentinel images were getting available.
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By combining the ascending and descending orbits, we estimated the ground dis-
placement over the affected area. The left-lateral and right-lateral surface shifts are visible
from the ground displacement maps derived from SAR Sentinel-1 data. Horizontal ground
displacement is around 30 cm to the West and 40 cm to the East, shifting to the East and
to the West related to Pokupsko strike-slip fault, while vertical displacement has overall
range amplitude of 35 cm, most pronounced along Hrastovi¢ka gora, the mountainous area
on the western side of Pokupsko fault also stretching in the NW-SE direction. Although
the majority of foreshocks and aftershocks occurred along the Pokupsko fault, the impact
of this complex tectonic setting is visible from the obtained vertical and west-east ground
displacements, which are not one-way oriented, but on the contrary, they are dispersed
unevenly around the intersection of Pokupsko and Petrinja strike-slip faults. We found
the highlighted subsidence of —12 cm in the southern area and an uplift of 22 cm in the
north-west area as highly correlated and partially influenced by topography which is
indented over that area. However, the whole area distressed by the earthquake is facing
vertical displacement in the range of £5 cm, which we found causes a significant impact
on activating the sinkholes at the south—east line of Pokupsko strike-slip fault.

The GNSS analysis has yielded the results compliant to the SAR analysis, clearly show-
ing vertical subsidence of 3 cm in the area of Sisak and horizontal displacement of 5 cm
to the south—east. Maximum east-west horizontal displacement of GNSS CORS CROPOS
station follows the direction of a resultant vector of Pokupsko and Petrinja fault move-
ment, NW-SE Pokupsko fault striking dextral and NE-SW Petrinja fault striking sinistral,
confirming the complex tectonic setting at the intersection of these two strike-slip faults.

Based on the conducted multi temporal SAR analysis, this research confirmed the ex-
istence of two surface ruptures, Pokupsko and Petrinja strike-slip fault, seen by separating
line, being the boundary line of the area where the ground displacements towards east
and west occur. The results are compliant with the recent study of [54], identifying the
dextral coseismic strike-slip displacement along the Pokupsko fault and the sinistral strike-
slip displacement along the Petrinja fault. However, this research is important since the
estimated ground displacements identify and explain some of the secondary post-seismic
events that occurred over the affected area. Regarding the range of the estimated ground
deformations, the future analysis should address the stability of national reference system
and the detail accuracy research of real-time GNSS measurements over the affected area.
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