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Abstract

In March 2021 three strong earthquakes with magnitudes (My) of 6.3, 6.0 and 5.2 occurred in
Thessaly plain, Greece, on 3, 4 and 12 March, respectively. The modeling of all three sources, by
inversion of InSAR and GPS data, indicates a NE-SW trending extensional stress field with
indications for NE dipping sources. The unmapped fault source of the first mainshock (M 6.3) is
located approximately 6 km to the SW of the known Larissa Fault. Moreover, the fault that was
activated during the second mainshock (M 6.0), appears to be located more to the north, bordering
the Titarisios river valley to the SW, while the third mainshock (M 5.2), appears to be triggered at
a fault segment located further to the NW. The Coulomb stress analysis using the slip distributions
of the three aforementioned mainshocks, revealed a unilateral triggering of the second and third
event towards the NW and explained the spatial development of the entire aftershock sequence.
Furthermore, among the already known active faults in the broader area, only the Larissa fault was

brought closer to failure as a result of the imparted stress changes.

Introduction

On 3, and 4 March 2021, the northern part of the East Thessaly plain, Central Greece, was struck
by two earthquakes with moment magnitudes of My 6.3 and My, 6.0, respectively (Figure 1a).
According to the solutions provided by the Institute of Geodynamics of the National Observatory
of Athens (NOA), the first event (10:16:08 GMT) was located at 39.75°N, 22.20°W at a depth of
8 km. The second event (18:38:19 GMT) was located at 39.80°N, 22.13°W, approximately 8 km

to the NW of the first earthquake, at a depth of 7 km (Figure 1a). During the 10 following days,
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over 600 aftershocks were recorded in the vicinity of these two sources. Among them, 87 events
had a moment magnitude greater than My, 3.5. Moreover, on 12 March 2021 (12:57:50 GMT), a
third event with moment magnitude of My, 5.2 took place towards NNW, nearby the NW edge of

the Titarisios river basin, at 39.84°N, 22.01°W and at a depth of 7 km (Figure 1a).

All three major seismic events were strongly felt in more than half of Greece and attracted the
attention of the majority of seismological institutes in Europe. They caused extensive damage
throughout the villages of the surrounding area, namely Damasi, Vlachogianni, Mesochori and
Magoula (Figure 1a), along the Titarisios valley at the north of Larissa City (Figure la).
Approximately 600 private buildings were severely damaged beyond repair, among which
churches and schools, mainly belonging to load-bearing masonry walls constructions. Luckily just

a few injuries and no casualties were reported.

Moreover, significant earthquake-induced coseismic phenomena including extensive liquefaction,
ground cracks and rock falls, were reported in the affected area. In particular, according to
Valkaniotis et al. (2021), Koukouvelas et al. (2021), Chatzipetros et al. (2021) and Ganas et al.
(2021), the earthquakes resulted in more than 400 liquefaction-related features being identified in
alluvial deposits, including sand blows and craters, fissures and lateral spreading ruptures along

the river banks of the Pinios and Titarisios rivers crossing the narrow strong motion site.

The study of the seismic activity required a thorough seismotectonic regime analysis of the wider
Thessaly plain. As reported in the extensive literature, the tectonic structure of the wider plain is
the result of three deformational phases that took place since the late Alpine Orogeny of Greece

(Caputo and Pavlides, 1993; Chatzipetros et al., 2018). The oldest identified phase is a
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compressional ENE-WSW trending phase that has been defined as late Alpide. Following the
postorogenic collapse of the External Hellenides, during the Late Miocene—Early Pleistocene, an
extensional field of NE-SW was developed. The extensional forces generated a system of basins
and ranges bordered by NW-SE trending normal faults (Caputo, 1990). Actually, the 60 km long,
Larissa lowlands (northern part of East Thessaly plain), trending to the same direction, was formed
during that event. The latter deformational phase started during the Middle to Late Pleistocene,
generating faults trending E-W to ESE-WNW. Evaluating the recent seismicity records this stress
field is considered as still active (Sboras et al., 2014; Caputo et al., 2012; Sboras, 2011; Papazachos
and Papazachou, 1997; Ambraseys and Jackson, 1990), while geodetic extension rates have been
found to be on the order of 50 ns/yr (Chousianitis et al., 2015; D’ Agostino et al., 2020; Lazos et

al., 2021).

Located at the northern part of the East Thessaly plain, Tyrnavos Sub — basin is bordered to the
north by the ESE-WNW trending and north-dipping Tyrnavos (TF) and Larissa (LF), faults
(Caputo et al., 1994). These faults mainly affect the Triassic crystalline limestone and Paleozoic
mica schist and gneiss (Kilias et al., 1991; Kilias and Mountrakis, 1987) of the Pelagonian bedrock,

as well as Pliocene and Quaternary deposits (Caputo, 1990).

The examined seismic sequence occurred to the NW of the previously mapped Tyrnavos (TF) and
Larissa (LF) faults (Figure 1a) (Valkaniotis et al., 2021; Koukouvelas et al., 2021; Papadopoulos
et al., 2021; De Novellis et al., 2021 and Ganas et al., 2021). As expected, the shallow depth of the
events resulted in significant surface deformation patterns, which were revealed by satellite
observations and GPS geodetic measurements. InSAR calculations and GPS data were employed

to measure the surface deformation caused by the earthquake sequence, and jointly inverted to
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model the source properties. Finally, the potential seismic source interactions were investigated by

means of Coulomb stress changes estimation.

Co-Seismic Surface Deformation

DInSAR Calculated Displacements

SAR interferometry has long been identified as an efficient tool for capturing coseismic
displacements (e.g., Massonnet and Feigl, 1993; Sykioti et al., 2003) and has significantly
contributed to the definition of the active faults in the Greek territory (e.g., Merryman Boncori et
al., 2014; Papadopoulos et al., 2019; Svigkas et al., 2019, Papadopoulos et al., 2017). InSAR
analysis of the 2021 Thessaly earthquake sequence, was performed by invoking the processing
chain developed in the Center for EO Research and Satellite Remote Sensing BEYOND of NOA,
so-called geObservatory (http://geobservatory.beyond-eocenter.eu/) (Papoutsis et al., 2020).
geObservatory is an automatic system that creates interferograms, with the use of ENVI —
SARscape, in areas affected by geohazards (earthquake, volcano eruption, etc.). When a geological
hazard occurs, the service is automatically activated and ingests all available Sentinel-1 SAR data,
covering the affected area, from Copernicus Data Access Hubs (ESA) and the Hellenic Mirror Site
(https://sentinels.space.noa.gr/). As soon as the first seismic event in Thessaly plain was recorded,
geObservatory ingested Sentinel-1 images of both ascending and descending satellite tracks
(Figure 1b) and delivered co-seismic interferograms. To reduce phase noise and to improve phase
unwrapping, the Goldstein and Werner (1998) adaptive filtering was implemented. The Minimum
Cost Flow (MCF) approach (Constantini, 1998), was used for phase unwrapping. All the
unwrapped interferograms were corrected from the topography effect using an SRTM-v4 Digital

Elevation Model (Farr and Kobrick, 2000). The co-seismic deformation pattern of each of the three



117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

earthquakes individually (3, 4 and 12 March, 2021), as well as combinations of them is presented
in Figure 2. Table S1 summarizes the interferometric pairs that were automatically generated by
the geObservatory service, during the lasting period of the Thessaly earthquake sequence (Figure

2d).

GPS Calculated Displacements

Low-rate (30 s) data from four near-field GPS stations (Figure 1c) belonging to the NOANET
network of the National Observatory of Athens (Ganas et al., 2008; Chousianitis et al., 2021), the
HermesNET of the Aristotle University of Thessaloniki (Fotiou et al., 2010) and the HxGN
SmartNet network of the private company Metrica S.A., were also processed. By analyzing daily
observations using GAMIT/GLOBK software v10.71 (Herring et al., 2018) and following the
processing approach described by Chousianitis et al. (2016) and Chousianitis and Konca (2019),
position time series in the IGb14 reference frame were calculated (Figure 3). The static GPS daily
solutions captured both the coseismic offsets of the My, 6.3 and the My, 6.0 earthquakes. To estimate
static offsets, time series over 10 days prior to the first (Mw 6.3), and 8 days after the second
earthquake (My 6.0) were averaged. Next the differences between each of these average positions
were calculated with the position that was derived for the time interval between the first and the
second mainshock (i.e., from 3 March 2021 at 10:16:08 until 4 March 2021 at 18:38:19). The latter
was achieved by cutting the corresponding RINEX files of 3 and 4 March, so as to include only
data after the My 6.3 and before the My 6.0 earthquake. The calculated coseismic offsets along
with their associated uncertainties, are reported in Table 1. As expected for a normal event which

occurred on a NW-SE rupture plane, the GPS stations which are located to the south (foot wall)
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had horizontal static offsets towards the SW direction, while those located to the north (hanging

wall), towards the NE direction.

Geodetic data modeling

Source modeling is based on a consolidated scheme with a non-linear inversion to define the
geometry of the sources and the mechanism of the rupture, followed by the estimation of slip
distribution, using a linear inversion (Wright et al., 2003); in both cases, the equations for a
dislocation in an elastic half-space medium (Okada, 1985) and the optimization procedures are
described in Atzori et al. (2009) and Atzori et al. (2019). The inversion is carried out with a set of
points sampled from the raster displacement maps and includes, in all cases, GPS coseismic offsets
described in the previous paragraph. Posting of input datasets was performed with double
resolution, finer the area of higher displacements and coarser far from the near field. Details about
sampling areas, posting resolutions and number of points inverted for every dataset can be found
in the Supplemental material, while the rationale behind this approach is explained in Atzori and

Antonioli (2011).

The modeling of the three events considered in this work followed a complex sequence of non-
linear and linear inversion, to fully exploit the availability of InNSAR pairs containing the isolated
and the joint displacement fields of the first and second events. In synthesis, the availability of
InSAR pairs isolating first and second events (Feb. 25 - Mar. 3 and Mar. 3 - Mar. 9, ascending
orbit), allowed for separated non-linear inversions of the two events, then refined in a joint non-

linear inversion with both sources and both orbits (Feb. 25 — Mar. 9 from ascending orbit and Mar.
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2 — Mar. 8 from descending orbit). The third, My 5.2, event was then modeled independently with
the ascending and descending pairs acquired in the same days (Mar. 8 — Mar. 14). A complete
description of the inversions to derive the source geometry and rupture mechanisms can be found

in the Supplemental Material.

After the definition of the two uniform-slip sources, the linear inversion was conducted to get the
slip distributions, with a non-negative least-square algorithm and allowing, only for the first two
events, a small rake variability of 15° from the average value of the non-linear inversion. The slip
distribution was calculated for patches of size 1x1 km. An orbital ramp was also modeled and
removed, when jointly inverting ascending and descending InSAR data. In both non-linear and
linear inversions, a topographic compensation was adopted (Williams and Wadge, 1998) and an
automatic weighting of datasets was performed according to the approach described in Atzori et al.
(2019). The reliability of the constrained sources is witnessed with the comparison between the

observed and predicted InSAR data, shown with the residuals in Figures 4 and 5.

One goal of modeling is the discrimination between real and auxiliary planes that possibly
generated the three earthquakes; nearly all the parameters where left free to vary, in intervals large
enough to include both planes (Table 2). This was not required for the first event, because the fringe
distribution shows higher spatial frequency on the western side (Figure 2a), a consequence of the
fault top at West of the displacement pattern, with North-East dipping direction. The estimated
values for strike, dip and rake are 312°, 39° and -90°, respectively, with a uniform slip source of
releasing a moment magnitude of 2.93-10'® N-m, corresponding to a M 6.27 earthquake, in perfect
agreement with My, 6.3. Results are in a general accordance to both the moment tensor solutions of

the Aristotle University of Thessaloniki (AUTH) (Strike/Dip/Rake=314°/36°/-88°) (Karakostas et
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al., 2021) and that of the National Observatory of Athens (NOA) (Strike/Dip/Rake=323°/33°/-74°)
(https://bbnet.gein.noa.gr/HL/seismicity/mts). The My, 6.0 event, instead, can be equally modeled
by means of a NE-dipping or a SW-dipping fault plane. However, as in the case of the first seismic
event, the epicenter is located East of the deformation pattern, i.e. at the bottom of the
rupture(Figure 2b): this was observed in several earthquakes with normal mechanism, like Athens
1999 (Atzori et al., 2008), L’ Aquila 2009 (Atzori et al., 2009), Amatrice and Norcia 2016 (Cheloni
et al., 2017), suggesting a rupture starting at bottom and propagating upward along the fault; this
option is also the more realistic to make the fault plane compatible with the hypocenter positions.
The retrieved parameters for this event are strike 289°, dip 43° and rake -107°, for an event of
moment magnitude of 7.4-1017 N-m, corresponding to M 5.88. More difficult is the case of the My,
5.2 event, where both planes equally predict the displacement and the fringe shape giving only a
small preference for the antithetic, i.e. SW dipping, solution. This option, however, would
contradict the similarity of the three ruptures, being also in this case the epicenter East of the
deformed area. Therefore, both solutions are presented, suggesting that the NE dipping plane
(strike/dip/rake of 286°/29°/-87°) is slightly preferred to the antithetic, SW dipping, hypothesis
(strike/dip/rake of 106°/54°/-87°); both uniform slip solutions correspond to an event of magnitude
5.5. Here we note that although relocated seismicity (Ganas et al. 2021; Kassaras et al. 2022)
confirms the NE-dipping planes of the first two mainshocks, it is incapable of distinguishing
between a NE- or a SW-dipping surface. The main parameters of the three segments are reported
in Table 2, with their 1-c uncertainty: all the events show nearly pure normal mechanisms, in line

with the already published fault plane solutions.

It is likely that the two events occurred on adjacent segments of the same fault (Figure 6), however

we cannot rule out the possibility to have had an activation of distinct faults of the area. The sources



210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

have the same depth of the slip peaks at about 5.5 km, while the dislocated area and the maximum
values reflect the different release of seismic moment, as shown with the slip distributions in Figure
7. Local residuals are still present: they can be attributed to deformations after ground liquefaction
or local fluctuations from the planar elastic model. We don’t exclude that a fraction of residuals

could be ascribed to post-seismic deformation that occurred in the volume around the source.

The solution reliability can be checked with the comparison of the observed vs. modeled data, with
the residuals in Figures 4 and 5 and Table 3. For sake of completeness, the point shapefiles
containing the linear inversion results are provided in the “insar_data.zip” file in the Supplemental

material (see the readme.txt file with the explanation of alphanumeric attributes).

Coulomb Stress Transfer and Earthquake Triggering

Using the slip distributions of the three mainshocks of My 6.3, My, 6.0 and My 5.2 and the Coulomb
3.4 software (Lin and Stein, 2004; Toda et al., 2005), the corresponding Coulomb stress changes
were calculated. For all calculations a 0.25 Poisson's ratio, a shear modulus of 32 GPa, and a
coefficient of friction of 0.4, were selected. Values which are commonly used in Coulomb stress
calculations associated with continental faults (Harris 1998; Parsons et al. 1999; Hodge et al. 2018).
Stress changes were resolved on optimally oriented normal faults, since the broader epicentral area
is a well-known extensional domain. In this context, a regional tensional tectonic stress of 100 bars
was adopted with the maximum stress axes plunge at vertical angles and minimum stress axes
horizontal towards a NNW-SSE direction (Kapetanidis and Kassaras, 2019). The coseismic
Coulomb stress changes as a result of the My, 6.3 earthquake of 3 March are depicted in Figure 8a,

where we have superimposed only the aftershocks which occurred between the origin time of this

10
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event and until the occurrence of the second earthquake (My 6.0) on 4 March. It is evident from
Figure 8a that the location of the second event of My, 6.0 (green star) was brought closer to failure
and the calculated zones of Coulomb stress increase are well-correlated with the aftershocks that
had occurred until that time. Next, in Figure 8b we present the stress changes induced by the My,
6.3 and the My 6.0 ruptures and the superimposed seismicity corresponds to the aftershock
sequence until the occurrence of the third event of My, 5.2 (green star) on 12 March. The combined
Coulomb stress changes caused by the My 6.3 and My 6.0 earthquakes highlight that after the
occurrence of the My 6.0 event, the seismic sequence started to develop towards the NW, through
an area where no aftershocks had occurred until that time (see black circle in Figure 8a). It is also
evident that the site of the third earthquake was brought closer to failure by the previous large
earthquakes of 3 and 4 March. Finally, in Figure 8c we show the variation of Coulomb stress caused
by all three seismic events (My 6.3, 6.0 and 5.2) and we superimposed the seismicity after the
origin time of the My 5.2 earthquake and until November 2021. The calculations in Figure 8c have
been performed using the slip distribution of the NE dipping fault plane for the My 5.2 event,
although an almost identical pattern has been derived using the SW dipping fault plane as well. In
this panel it is illustrated that after the occurrence of the My 5.2 earthquake and especially for the
depth range from 4 km to 12 km, the calculated stress increases contributed to the development of
the aftershock sequence once again towards the NW, through an area which exhibited limited
seismic activity until then (see circle in Figure 8b). Thus, the Coulomb stress analysis revealed that
the My 6.3 rupture triggered the My, 6.0 earthquake of 4 March and this event subsequently
triggered the My 5.2 earthquake of 12 March and completely explained the distribution and the

unilateral spatial development of the aftershock sequence towards the NW direction.

11
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Following, we evaluated the possible effects of the Thessaly plain seismic sequence on the mapped
active faults in the area, namely the Larissa, Tyrnavos and Rodia faults. To do so, we used the slip
distributions of the three mainshocks and estimated the Coulomb stress imparted to these individual
“receiver” fault planes which were modeled as 60° dipping pure normal faults (i.e. assuming a slip
direction of -90°). To assess the variations of Coulomb stress across the three fault planes, we
divided them into patches. The results are illustrated in Figure 9, where it is revealed that the largest
part of the Larissa fault was brought significantly closer to failure since it was loaded by more than
0.2 bars of stress. This implies increased seismic risk, although the low slip rate (< 0.2 mm/yr) of
this structure as evidenced by paleoseismological studies (Caputo et al., 2004, 2006) points to a
long recurrence interval. Contrary to the Larissa fault, failure was not promoted to the Tyrnavos

and Rodia faults since their rupture planes received stress decreases.

Discussion

As indicated by the interferograms and the geodetic data modeling all three major events occurred
on adjacent NW-SE trending normal faults, developed in agreement with a NE-SW trending
extensional stress field. The fault plane solutions and the spatial distribution of the aftershocks
confirm the activation of structures of such orientation, which deviate from the typical E-W

trending of the presently active faults of Thessaly.

The main My, 6.3 event, striking 312° (F1 in Figure 2e), occurred along a synthetic fault plane to

the Larissa Fault (LF), identified approximately 6 km to the SW of LF. The dip angle of the

activated fault was estimated at 39.6° (+4.6°) to the NE. As indicated by the geodetic data

12
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modeling, the dislocated area extends for 11.2 to 9.4 km with an average slip of 0.9 m and a peak
slip of about 1.2 m. Based solely on the model, the slip barely reaches the surface. This is an
unknown and unmapped fault and according to Pavlides et al. (2021) even after its current

activation no clear morphogenic deformation signs can be identified along the surface.

The fault segment which was activated during the second My, 6.0 event (F2, Figure 2e) is located
to the NW of the first event with a strike of 289.5° (£7.3°), bordering the Titarisios river valley to
the SW. Considering the scenario of the activation of distinct faults at the area, if the second event
occurred on a different fault than that of the first event, it has a good alignment with the extension
of the Larissa fault (LF) to the NW. The dip angle of this fault was estimated at 43.1° (+9.3°) to
the NE, with an average slip of 0.5 m. This was also an unknown fault, never mapped before.
According to Koukouvelas et al., (2021) the visible traces of this fault were extending for more
than 10 km, crossing the recent alluvial deposits of the Titarisios Valley. This fault segment has
been named as “Vlachogianni Fault”, giving it the name of the village that was most affected by

this event.

The third earthquake of 12 March 2021 appeared to have occurred at a segment extending further
to the NW with a strike of 286.5°. Unlikely in that case both synthetic and antithetic planes equally
predict the displacement identified by the geodetic data. However, considering the current
extensional stress field, the dip direction of the surrounding major fault lines and the position of
the event's epicenter with respect to the deformation field, the NE dipping appears to be more
favorable. At the same time, the fringe shape gives a small preference for the antithetic plane. These

remarks raise questions, which cannot be addressed by this study, since field work seems to be
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necessary to gain insight on this matter. In any case, both best-fit models predict an average

dislocation of about 0.5 m.

As regards already published studies, Chatzipetros et al. (2021), De Novellis et al. (2021),
Galanakis et al. (2021), Pavlides and Sboras (2021) Karakostas et al. (2021), have also identified
two distinct segments, dipping NE, of a previously unknown fault system, that acted as a hidden or
blind fault, during the My, 6.3 and My, 6.0 earthquake events. Actually, the only research team that
diverged was that of Papadopoulos et al. (2021) which suggested that the 4 March rupture

propagated further NW in an antithetic fault segment dipping SW.

Regarding the 12 March My 5.2 event, De Novellis et al. (2021), Ganas et al. (2021), Kassaras et
al. (2022) and Papadopoulos et al. (2021), attributed this earthquake to a E-W trending, S to SW-
dipping fault. Nevertheless, Ganas et al. (2021) and Kassaras et al. (2022) noted that the geometry
of'this fault could not be sufficiently constrained by the relocated hypocenters and that it is possible

that another E-W trending but N-dipping fault was triggered within that activated volume.

Coulomb stress changes resolved on optimally oriented normal faults, illustrated that the My 6.3
mainshock rupture increased Coulomb stresses on the nucleation location of the My 6.0 event of 4
March 2021 and subsequently, the rupture of this event increased Coulomb stresses on the
nucleation location of the My 5.2 event of 12 March 2021. The results show that the spatial
distribution of the aftershocks that occurred after the My 6.3 event and prior to the occurrence of
the My, 6.0 event is well-correlated with the Coulomb stress-increased regions. After the occurrence
of the second event of My, 6.0, the aftershock sequence started to expand further to the NW due to

increase in Coulomb stress along this direction, which was caused by the My 6.0 rupture. At that

14
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area, the My, 5.2 event occurred on 12 March 2021 demonstrating the unilateral triggering towards
the NW and the high correlation of the spatial development of aftershocks with the calculated stress
increases at any stage during the evolution of the examined seismic sequence (Figure 8 and Figure
S5). Such consistency of the spatial development of aftershocks with the areas that received
positive Coulomb stress changes has been observed in other normal-faulting earthquakes in Greece
including the 2017 Lesvos (Chousianitis and Konca 2018), the 2017 Bodrum-Kos (Ganas et al.
2019; Konca et al. 2019; Sboras et al. 2020) and the 2020 Samos earthquake (Chousianitis and
Konca 2021; Karakostas et al. 2021; Kiratzi et al. 2021). Furthermore, among the mapped active
faults in the vicinity of the Thessaly plain seismic sequence, the Larissa fault was brought

significantly closer to failure, while the Tyrnavos and Rodia faults received stress decreases.

Conclusions

The Thessaly plain earthquake sequence of March 2021 has been investigated within this paper.
InSAR and GPS data were exploited to measure surface deformation and model the seismic
sources. Thanks to Sentinel-1 frequent acquisitions, it was possible to isolate each one of the three
strong events that occurred. The geodetic modeling results indicate that the sequence was caused
by previously unknown and unmapped tectonic structures that deviate from the typical E-W
direction of the active faults of Thessaly. Based on the field investigations, among the activated
structures only the so-called Vlachogianni fault segment provided clear evidence of morphogenic
deformation along the surface. The rest of the segments could have acted as blind faults or no clear
in-situ evidence of morphotectonic deformation had been identified so far. The static Coulomb

stress changes caused by the three ruptures indicated that they raised the stress to the NW,
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activating gradually fault segments towards that direction. The imparted stress due to the three

mainshocks loaded the nearby active Larissa fault and brought it closer to failure.

Data and Resources

GPS data were provided by the NOANET network of the National Observatory of Athens
(http://geodesy.gein.noa.gr:8000/nginfo/), the HxGN SmartNet/Metrica S.A. network

(https://www.metrica.gr/services/hxgn-smartnet-gr/info) and the HermesNET/AUTH

(https://users.auth.gr/users/3/7/050473/public_html/Stations.html). InSAR and GPS data were
modeled with SARscape® (sarmap, CH). Sentinel-1 data were provided by the Hellenic Mirror
Site and the Sentinel Greek Copernicus Data Hubs (https://sentinels.space.noa.gr/). The BEYOND
geObservatory (http://geobservatory.beyond-eocenter.eu/) processing chain, was used for the
generation of the co-seismic interferograms. Information about Sentinel-1 co-seismic
interferograms is added in the Supplemental material. Maximum Coulomb stress changes are also
presented with the seismic events (M >2.0; 3 March - 30 November) superimposed. A detailed
description of the strategy adopted to model the source of the three seismic events is also provided
in the Supplemental material, along with an “insar_data.zip” file, with the shapefiles of InNSAR data

from the final linear inversion.
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Table 1. Coseismic static offsets of the My, 6.3 and My, 6.0 earthquakes from low-rate (30 s) GPS

data and associated uncertainties. Boxes without reported values denote components where the

estimated offsets were zero.

My, 6.3 earthquake offsets (3 March 10:16:08)
Station Long. Lat. N-S E-W Up
) © (cm) (cm) (cm)
LARI 22388 | 39.614 0.355+0.22 - -
ELAS 22206 | 39.892 2.981+0.25 1.156+0.20 0.856+0.82
KLOK 22.014 | 39.565 -2.792+0.22 -2.498+0.19 -
KRDI 21.923 | 39.366 -0.624+0.21 -0.460+0.20 -
M, 6.0 earthquake offsets (4 March 18:38:19)
LARI 22.388 | 39.614 - - -
ELAS 22206 | 39.892 1.345+0.24 0.781+0.21 0.668+0.85
KLOK 22.014 | 39.565 -1.006+0.21 -0.372+0.19 -
KRDI 21.923 | 39.366 -0.273+0.19 -0.148+0.19 -

Table 2. Best-fit parameters (1-c uncertainty within brackets) after non-linear inversion of the

three sources. Both nodal planes are reported for the third event.
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618

619

620

621

622

623

624

Length | Width | Depth® | Lon Lat Strike | Dip | Rake Slip | Moment
Event
(km) (km) (km) ) ) ) ) ) (m) (N'm)
11.1 94 1.4 22.165 39.687 3122 39.6 -90.1 0.82
M,, 6.3 2.93-10'8
(0.5) 0.7) 02) | 0.002) | 0.002) | (1.7) | @6) | (11.6) | (0.04)
9.9 33 22.069 | 39.771 289.5 43.1 -107.8 0.50
My6.0 5.00 7.4-10"
(0.9) 0.6) | (0.008) | (0.008) | (73) | 9.3) | (11.9) | (0.09)
M,, 5.2 4.3 3.1 21.995 | 39.826 286.5 29.2 -87.4 0.51
3.0 2.0-10"7
NEdip | (0.5) 03) | 0.002) | 0.002) | 9.5 | 34 | (10.1) | (0.08)
My 5.2 4.4 3.1 2.8 21.995 39.820 106.5 54.0 -87.1 0.50
2.0-10"
SWdip | (04) | (0.7 02) | 0.003) | 0.002) | (5.3) | @4.2) | (10.0) | (0.08)

(a) Vertical depth of the fault top edge, (b) constrained a priori, (c) preferred solution

Table 3. GPS data used in the inversion of the My 6.3 and My 6.0 seismic events. Observed

values contain the cumulated effects of the My 6.3 and My 6.0 earthquakes. Boxes without

reported values denote components where the estimated offsets were zero.

Observed (cm) Modeled (cm)
SITE Lon (°) Lat (°) East North Up East North Up
ELAS 22.2061 39.8924 1.93 4.32 1.524 1.51 2.92 0.4618
KLOK | 22.0143 39.5647 -2.87 -3.79 - -3 -3.55 0.1653
KRDI 21.9226 39.3664 -0.6 -0.89 - -0.61 -0.95 -0.069
LARI | 2238791 | 39.61411 - 0.355 - 0.1074 0.3887 0.4078
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List of Figure Captions

Figure 1. Geographical and tectonic setting of Thessaly plain. (a) Seismicity in Thessaly plain from 3
March 2021 until November 2021. Red stars denote the locations of the mainshocks (M 6.3, My 6.0,
My, 5.2). Larissa (LF), Tyrnavos (TF), Rodia (RF) and Ligaria (IF) faults, are added according to Caputo
et al. (2004). Colored circles represent all the seismic events of March 2021, that occurred in the study
area (epicenters are from http://bbnet.gein.noa.gr). (b) Footprints of Sentinel-1 satellite tracks, used to
produce the co-seismic interferograms. The area of interest is depicted with the red rectangle. (c)
Locations of GPS stations and GPS offsets of the My 6.3 and My, 6.0 seismic events. Focal mechanisms

are from this study.

Figure 2. Sentinel-1 SAR interferometric products corresponding to the sequence of Thessaly
earthquakes. In the coseismic interferograms each fringe indicates a ground deformation of 2.8 cm. (a)
Interferogram from ascending track 102, depicting the My 6.3 earthquake of 3 March, 2021 (b)
Interferogram from ascending track 102 showing the deformation pattern resulted from the My 6.0
earthquake of 4 March, 2021) (c) Interferogram from ascending track 175 illustrating the deformation
field caused by the My 5.2 earthquake of 12 March 2021 (d) Displacement map calculated from
descending track 80, as induced by the three investigating earthquake events together. (e) Interferogram
from descending track 80 showing the surface deformation pattern from all three seismic events. The
corresponding seismic sources (black rectangles), are also illustrated. Red stars denote the locations of
the earthquake epicenters. Larissa (LF), Tyrnavos (TF), Rodia (RF) and Ligaria (IF) faults, are added

according to Caputo et al. (2004).

Figure 3. Daily position time series of the GPS stations that captured the static coseismic effects of the

My, 6.3 (3 March 2021, 10:16:08), the My, 6.0 (4 March 2021, 18:38:19) and the M, 5.2 (12 March 2021,
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12:57:50) earthquakes. The error bars represent 1-c uncertainties. Vertical dashed lines labeled with (1),

(2) and (3) indicate the occurrences of the My 6.3, My, 6.0 and My, 5.2 earthquakes, respectively.

Figure 4. Comparison between observed and modeled InSAR Line-of-sight (LoS) displacement data and
residuals, with ad hoc legend, for the ascending and descending orbits and including the My, 6.3 and My,
6.0 earthquakes. Local residuals are still present, due to liquefaction or local fluctuations from the planar

elastic model.

Figure 5. Comparison between observed and modeled InSAR Line-of-sight (LoS) displacement data and

residuals, for the ascending and descending orbits, of the My 5.2 earthquake.

Figure 6. 3D “cloud of solutions” for the three events (only the NE dipping plane for My 5.2) after the
statistical analysis, with 50 different sources (for each event) obtained by non-linearly inverting InSAR
data perturbed with ad hoc noise. It gives a qualitative idea of the robustness of the best-fit solutions

(black rectangles) and supports the hypothesis that the first two events occurred on the same fault system.

Figure 7. Slip model distributions, in geographic and frontal views, for the mainshock and the two
aftershocks. The third source solutions for the two fault planes (see Table 2) are reported in black for the
preferred option (NE dipping) and gray for the alternative solution (SW dipping). The slip distribution is
provided for both options in the frontal view and only for the preferred option (NE dipping) in the map.
The same scale bar applies to all the slip distributions. Fault patches are 1 x 1 km; slip distributions are
completed with the vertical depths and focal mechanisms (ellipses describe 1-sigma uncertainty). Black
dashed lines indicate the trace of the modeled fault (in gray the SW dipping plane for the third event)
and black rectangles the uniform slip solutions from non-linear inversion. Larissa (LF), Tyrnavos (TF),
Rodia (RF) and Ligaria (IF) faults are added according to Caputo et al. (2004). Stars indicate the event

epicenters.
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Figure 8. Maximum Coulomb stress changes on optimally oriented normal faults over the depth ranges
that are reported on the top right of each panel. a) Stresses imparted by the My, 6.3 earthquake based on
its slip distribution. Superimposed are the aftershocks with M >2.0 which occurred in the time interval
between the My, 6.3 earthquake of 3 March and the My 6.0 earthquake of 4 March. The latter is denoted
as a green star and is depicted in two depth ranges in order to account for uncertainty in the hypocenter
estimation which according to the NOA catalog is 8 km. Green beach ball represents the fault plane
solution of the My 6.0 earthquake. Black circle denotes the area where no aftershocks occurred prior to
the occurrence of the My, 6.0 rupture. Yellow star denotes the My, 6.3 earthquake of 3 March, which is
depicted in two depth ranges for the same reason as for the My, 6.0 earthquake. b) Stresses imparted by
the My 6.3 and My, 6.0 earthquakes. The depicted seismicity (Mr>2.0) corresponds to the aftershock
sequence until the occurrence of the My, 5.2 earthquake of 12 March which is denoted as a green star.
The latter is shown in two depth ranges so as to account for uncertainty in the hypocenter estimation
which according to the NOA catalog is 7 km. Green beach ball represents the fault plane solution of the
My, 5.2 earthquake. c) Stresses imparted by the My 6.3, My 6.0 and My, 5.2 earthquakes. Superimposed
are the seismic events with M1>2.0 which occurred after the origin time of the My, 5.2 earthquake of 12
March and until November 2021. Fault abbreviations are: Larissa (LF), Tyrnavos (TF), Rodia (RF) and

Ligaria (IF).

Figure 9. Coulomb stress changes transferred by the M., 6.3, M., 6.0 and M. 5.2 ruptures to surrounding
major active faults. The results stay the same irrespectively of whether we use the slip distribution of the
NE- or the SW-dipping fault plane for the M, 5.2 event. Fault abbreviations are: Larissa (LF), Tyrnavos
(TF) and Rodia (RF). Solid red lines indicate the surface trace of the aforementioned faults. Green stars
and corresponding beach balls indicate the epicenters and fault plane solutions of the M, 6.0 and M. 5.2

earthquakes.
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Figure 1. Geographical and tectonic setting of Thessaly plain. (a) Seismicity in Thessaly plain from 3
March 2021 until November 2021. Red stars denote the locations of the mainshocks (M 6.3, My, 6.0,
My, 5.2). Larissa (LF), Tyrnavos (TF), Rodia (RF) and Ligaria (IF) faults, are added according to Caputo
et al. (2004). Colored circles represent all the seismic events of March 2021, that occurred in the study
area (epicenters from http://bbnet.gein.noa.gr). (b) Footprints of Sentinel-1 satellite tracks, used to
produce the co-seismic interferograms. The area of interest is depicted with a red rectangle. (c) Locations
of GPS stations and GPS offsets of the My 6.3 and My, 6.0 seismic events. Focal mechanisms are from

this study.
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Figure 2. Sentinel-1 SAR interferometric products corresponding to the sequence of Thessaly
earthquakes. In the coseismic interferograms each fringe indicates a ground deformation of 2.8 cm. (a)
Interferogram from ascending track 102, depicting the My 6.3 earthquake of 3 March, 2021 (b)
Interferogram from ascending track 102 showing the deformation pattern resulted from the My 6.0
earthquake of 4 March, 2021) (c) Interferogram from ascending track 175 illustrating the deformation
field caused by the My 5.2 earthquake of 12 March 2021 (d) Displacement map calculated from
descending track 80, as induced by the three investigating earthquake events together. (e) Interferogram
from descending track 80 showing the surface deformation pattern from all three seismic events. The
corresponding seismic sources (black rectangles), are also illustrated. Red stars denote the locations of
the earthquake epicenters. Larissa (LF), Tyrnavos (TF), Rodia (RF) and Ligaria (IF) faults, are added

according to Caputo et al. (2004).
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Figure 3. Daily position time series of the GPS stations that captured the static coseismic effects of the
My 6.3 (3 March 2021, 10:16:08), the My, 6.0 (4 March 2021, 18:38:19) and the M 5.2 (12 March 2021,
12:57:50) earthquakes. The error bars represent 1-c uncertainties. Vertical dashed lines labeled with (1),

(2) and (3) indicate the occurrences of the My 6.3, My 6.0 and My 5.2 earthquakes, respectively.
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Figure 4. Comparison between observed and modeled InSAR Line-of-sight (LoS) displacement data and
residuals, with ad hoc legend, for the ascending and descending orbits and including the My, 6.3 and My
6.0 earthquakes. Local residuals are still present, due to liquefaction or local fluctuations from the planar

elastic model.
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Figure 5. Comparison between observed and modeled InSAR Line-of-sight (LoS) displacement data and

residuals, for the ascending and descending orbits, of the My 5.2 earthquake.

Figure 6. 3D “cloud of solutions” for the three events (only the NE dipping plane for My 5.2) after the

statistical analysis, with 50 different sources (for each event) obtained by non-linearly inverting InSAR
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data perturbed with ad /oc noise. It gives a qualitative idea of the robustness of the best-fit solutions

(black rectangles) and supports the hypothesis that the first two events occurred on the same fault system.

0.0 0.2 04

Santth) 0.8 1.0

Figure 7. Slip model distributions, in geographic and frontal views, for the mainshock and the two
aftershocks. The third source solutions for the two fault planes (see Table 2) are reported in black for the
preferred option (NE dipping) and gray for the alternative solution (SW dipping). The slip distribution is
provided for both options in the frontal view and only for the preferred option (NE dipping) in the map.
The same scale bar applies to all the slip distributions. Fault patches are 1 x 1 km; slip distributions are
completed with the vertical depths and focal mechanisms (ellipses describe 1-sigma uncertainty). Black
dashed lines indicate the trace of the modeled fault (in gray the SW dipping plane for the third event)

and black rectangles the uniform slip solutions from non-linear inversion. Larissa (LF), Tyrnavos (TF),
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Rodia (RF) and Ligaria (IF) faults are added according to Caputo et al. (2004). Stars indicate the event

epicenters.
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Figure 8. Maximum Coulomb stress changes on optimally oriented normal faults over the depth ranges
that are reported on the top right of each panel. a) Stresses imparted by the My, 6.3 earthquake based on
its slip distribution. Superimposed are the aftershocks with M >2.0 which occurred in the time interval
between the My, 6.3 earthquake of 3 March and the My, 6.0 earthquake of 4 March. The latter is denoted

as a green star and is depicted in two depth ranges in order to account for uncertainty in the hypocenter
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estimation which according to the NOA catalog is 8 km. Green beach ball represents the fault plane
solution of the My, 6.0 earthquake. Black circle denotes the area where no aftershocks occurred prior to
the occurrence of the My, 6.0 rupture. Yellow star denotes the My 6.3 earthquake of 3 March, which is
depicted in two depth ranges for the same reason as for the My 6.0 earthquake. b) Stresses imparted by
the My 6.3 and My, 6.0 earthquakes. The depicted seismicity (M1>2.0) corresponds to the aftershock
sequence until the occurrence of the My 5.2 earthquake of 12 March which is denoted as a green star.
The latter is shown in two depth ranges so as to account for uncertainty in the hypocenter estimation
which according to the NOA catalog is 7 km. Green beach ball represents the fault plane solution of the
My, 5.2 earthquake. c) Stresses imparted by the My 6.3, My, 6.0 and My 5.2 earthquakes. Superimposed
are the seismic events with M >2.0 which occurred after the origin time of the My 5.2 earthquake of 12
March and until November 2021. Fault abbreviations are: Larissa (LF), Tyrnavos (TF), Rodia (RF) and

Ligaria (IF).
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Figure 9. Coulomb stress changes transferred by the My 6.3, My, 6.0 and My, 5.2 ruptures to surrounding
major active faults. The results stay the same irrespectively of whether we use the slip distribution of the
NE- or the SW-dipping fault plane for the My, 5.2 event. Fault abbreviations are: Larissa (LF), Tyrnavos
(TF) and Rodia (RF). Solid red lines indicate the surface trace of the aforementioned faults. Green stars
and corresponding beach balls indicate the epicenters and fault plane solutions of the My 6.0 and My 5.2

earthquakes.
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