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ABSTRACT 
 
 

Thessaly lies on the Aegean (micro-)plate, undergoing internal crustal deformation due to the plate
relative motion against the adjacent Anatolian and Nubian plates. As a result, the whole Thessalian
Basin was supposed to be under an extensional tectonic regime of N-S direction. However, the 
recent earthquake sequence of March 2021 which occurred close to the northwestern margin of 
the basin revealed NE-SW direction of extension. Based on 7-year GPS measurements recorded 
by stations installed within and around the basin we assessed four deformational parameters for
Thessaly aiming at the understanding of the deformation processes that control the region. These
parameters are i) the Maximum Horizontal Extension (MAHE), ii) the Total Velocity (TV), iii)
the Maximum Shear Strain (MSS), and iv) the Area Strain (AS). The results show that during the
monitoring period, Thessaly moved toward the S-SW with a simultaneous clockwise rotation and
underwent dispersed deformation mostly associated with dilatation. Focusing on the epicentral
area of the 2021 sequence, strain during the 7-year period was rather low in all three strain 
parameters, implying a mature stage of elastic strain accumulation before the fault rupture. 
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1. INTRODUCTION 
Located in the back-arc area of the Hellenic Arc, 

the Aegean (micro-)plate in the region of Thessaly is 
considered to undergo a roughly N-S stretching, as 
geological, seismological and geodetic data suggested 
so far. According to Caputo and Pavlides (1991, 
1993), who carried out meso-structural analyses of the 
faults recognized in the area, Thessaly is characterised 
by three tectonic phases since Neogene: i) a ca. E-W 
orientated compression during early to middle 
Miocene, ii) a NE-SW orientated extension during 
Pliocene – Early Pleistocene, and iii) a ca. N-S 
orientated extension since middle Pleistocene. It was 
also suggested that the current extensional regime is 
documented on all the E-W-striking normal faults that 
dominate the area. This regime is also supported by 
seismological data (i.e. focal mechanisms; Fig. 1), 
although most of them refer to the southern part of 
Thessaly, while at the same time the seismological 
observations are limited at the northern part. Indeed, 
either from significant recent earthquakes, such as the 
1980 Volos (SE Thessaly) sequence (GCMT 
catalogue; EMMA catalogue; Papazachos et al., 1983; 
Ekstrom and England, 1989; Taymaz et al., 1991; 
Kiratzi and Louvari, 2003; Papadimitriou and 

Karakostas, 2003; Kourouklas et al., 2021), 
microseismic investigations (Hatzfeld et al., 1989), or 
diachronic minor seismicity (e.g. RCMT catalogue; 
GCMT catalogue), the prevailing focal mechanisms 
suggest E-W-striking normal faulting associated with 
N-S-directed extensional stress field. Regarding the 
GPS-derived strain estimation from previous works 
(Kahle et al., 2000; Jenny et al., 2004; Hollenstein et 
al., 2008; Perouse et al., 2012; Müller et al., 2013; 
Chousianitis et al., 2015), the strain rate range 
(especially the one developed along the major ellipse 
axe) is sometimes contradictory, as either extremely 
low to high values and/or different, rapidly changing 
dilatation orientations, related to the corresponding 
extension rate ones, are documented (due to sparsely 
located interpolated data as well). 

On March 3, 2021 a strong (Mw6.3) earthquake 
occurred west of Tyrnavos town (Northern Thessaly; 
Table 1; Fig. 1b) and was followed, one day later, by 
a second strong (Mw6.0) event (Table 2), implying 
rupture on two adjacent fault segments. The 12 
proposed moment tensor solutions for the first event 
(EMSC-CSEM website) are quite similar, revealing 
NW-SE-striking (pure) normal faulting, and hence 
NE-SW orientated T-axis. The 4 proposed moment 
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Table 1 Moment tensor solution for the March 03, 2021 seismic event (EMSC-CSEM website). 

Lat (˚) Long (˚) Depth 
(km) 

Mw Nodal plane 1 Nodal plane 2 Agency 

    Strike (˚) Dip (˚) Rake (˚) Strike (˚) Dip (˚) Rake (˚)  
39.6 21.9 12 6.3 307 36 -100 139 55 -83 USGS 
39.7 22.1 12 6.3 119 45 -109 324 48 -72 GCMT 
39.8 22.2 12 6.3 321 36 -77 125 55 -100 CPPT 
39.8 22.1 10 6.3 130 45 -90 310 44 -89 GFZ 
39.8 22.3 7 6.2 147 48 -94 332 43 -85 ERD 
39.8 22.2 19 6.3 309 36 -91 0 0 0 UOA 
39.8 22.2 10 6.2 321 33 -78 127 57 -98 IPGP 
39.7 22.2 10 6.3 126 37 -103 323 53 -79 KOERI 
39.8 22.2 7 6.2 135 45 -90 315 45 -90 OCA 
39.7 22.2 6 6.2 131 54 -92 314 36 -88 AUTH 
39.8 22.2 4 6.3 305 33 -108 146 59 -79 NOA 
39.6 22.1 10 6.3 116 41 -114 327 53 -70 INGV 

tensor solutions for the second event (EMSC-CSEM 
website) suggest (pure) normal faulting, but with 
a difference to the strike of the nodal planes: GFZ and 
UoA report NW-SE strike, whereas NOA and AUTh 
WNW-ESE strike, corresponding to NE-SW- and 
NNE-SSW-directed T-axes, respectively. Moment 
tensors of the Mw≥5.0 events of the sequence persist 
on indicating NW-SE-striking normal faulting. The 

most possible and mapped candidate neotectonic 
faults in the broader epicentral area are the Tyrnavos 
and Larissa faults (Fig. 1b; Caputo, 1993; Caputo and 
Pavlides, 1993; GreDaSS). However, the epicentral 
locations of the two strongest shocks, the aftershock 
spatial distribution, and the proposed focal 
mechanisms imply the presence of an unmapped 
active fault zone. The epicentral area lacks significant 

Fig. 1 (a) Map of the Aegean region showing the major crustal-scale tectonic structures (AACZ = Apulian-
Aegean Collision Zone; CTFZ = Cephalonia Transform Fault Zone; NAT = North Aegean Trough) the 
location of the GPS stations used in this study and the location of (b). (b) Hillshade map of Thessaly 
showing the major neotectonic/active faults (after Galanakis, 1990; Caputo and Pavlides, 1991; 1993; 
Perissoratis et al., 1991; Sboras, 2011; Caputo et al., 2012; GreDaSS), the GPS stations from (a) included 
in this area, focal mechanisms of past significant events (Kiratzi and Louvari, 2003) and the focal 
mechanisms proposed by IG-NOA and GFZ for the strongest shocks of the 2021 earthquake sequence 
near Tyrnavos. P1, P2 and P3 (bottom right corner) are the three last tectonic phases after 
a meso- structural analysis in Thessaly (Caputo and Pavlides, 1993) revealing ca. E-W compression 
during early to middle Miocene (P1), NE-SW extension during Pliocene – Early Pleistocene (P2), and 
ca. N-S extension since middle Pleistocene to Today (P3). 
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Table 2 Moment tensor solution for the March 04, 2021 seismic event (EMSC-CSEM website). 

Lat (˚) Long (˚) Depth (km) Mw Nodal plane 1 Nodal plane 2 Agency 
    Strike (˚) Dip (˚) Rake (˚) Strike (˚) Dip (˚) Rake (˚)  

39.8 22.1 15 6.1 308 50 -92 0 0 0 UOA 
39.8 22.1 7 5.9 109 60 -89 287 30 -92 AUTH 
39.8 22.1 8 6.0 287 31 -95 112 59 -87 NOA 
39.8 22.2 17 6.3 146 48 -91 329 41 -88 GFZ 

instrumentally recorded earthquakes (IG-NOA); in the 
broader epicentral area, historic earthquake catalogues 
(e.g. Papazachos and Papazachou, 2003) refer to 
strong events (M ≥ 6.0), but they are too old (18th c. 
and older) to be accurately located and hence 
associated with a particular fault.  

The scope of this work was to investigate the 
crustal strain of Thessaly during a 7-year period and to 
investigate the question that arose after the 2021 
Tyrnavos seismic sequence: is the geologically 
estimated N-S oriented active extension of Thessaly 
compatible with the regional crustal deformation and 
consequently with the 2021 Tyrnavos earthquakes? 

 
2. CRUSTAL DEFORMATION 

A geodetic analysis was performed, based on the 
implementation of the kinematic information provided 
by the GPS data processing (Bitharis, 2015; Bitharis et 
al., 2016). In particular, the geodetic velocities are 
recorded by a dense network of 27 permanent GPS 
stations, while they are applied in order to determine 
the crustal deformation of Thessaly region. These 
velocities derive from continuous GPS measurements, 
using a 7-year (2008–2014) daily GPS data 
processing; this time period is period is considered 
capable of providing reliable data for the strain 
analysis. The GPS data processing was carried out 
using GAMIT/GLOBK software (Herring et al., 2015) 
while the methodology described by Dong et al. 
(1998) was implemented. At first, the daily 30 sec GPS 
data were processed, using all updated models and 
standards following the IERS and IGS guidelines 
(http://acc.igs.org/reprocess.html). Secondly, the daily 
analysis, which contains station position estimations 
and variance-covariance information, were 
constrained to 24 IGS fiducial stations, estimating 
station coordinates and velocities calculated by 
a Kalman filtering sequential approach. The "raw" 
time series contribute to the recognition of possible 
outliers or discontinuities, occurring in site 
coordinates, which derive from various sources and 
have impact on long time series. Velocities are 
referred to the European Terrestrial Reference Frame 
2000 (ETRF2000), considering the stable Eurasian 
Plate. Moreover, results were validated by the 
corresponding ones of other related studies. In 
particular, our velocity model was evaluated 
according to one of the most recent studies, including 
the largest global velocity solution in our days; the 
Global Strain Rate Model (GSRM v.2.1; Kreemer et 

al., 2014), where (horizontal) vectors differences do 
not exceed 2.5 mm. GSRM is a synthetic model, 
aiming to the plate motions and strain rates 
determination in the boundary zones area, while it 
mainly includes bibliographically-based velocity 
values. In addition, velocity vectors are in accordance 
with study results (Müller et. al, 2013), based on 
continuous and campaign-type sites. In this case, the 
velocity values calculation was based on a model, 
which includes a linear trend, extended by additional 
annual and semi-annual sinusoidal terms. 

In order to estimate the crustal deformation, the 
triangulation methodology was performed, which is 
based on the combination of geodetic data (velocity 
components and their uncertainties) of three different 
GPS stations. In particular, the three stations form 
a well-defined, equilateral triangle (the shortest 
distance between stations was considered), while for 
its centre (triangle centroid) a series of parameters is 
calculated, based on the corresponding mathematical 
equations, derived from the axes combination of the 
inner circle (i.e. the undeformed triangle situation) and 
the ellipse (i.e. the deformed triangle situation) (Lazos 
et al., 2021). In this context, 193 triangles were 
constructed throughout the study area, and for each 
one, the Maximum Horizontal Extension (MAHE), the 
Total Velocity (TV), the Maximum Shear Strain 
(MSS) and the Area Strain (AS) were estimated 
(http://www.unavco.org). 

 
2.1. MAXIMUM HORIZONTAL EXTENSION (MAHE) 

The MAHE parameter expresses the intensity of 
extensional tectonics in a region (when values are 
positive). In broader Thessaly the values range 
between -35 and 376 nano-strain, with extensional 
regime being the dominant one (Figs. 2a, b). The 
MAHE vectors show quite persistent, ca. N-S 
directions in southern Thessalian Basin (from 
Pagasitikos Gulf and westwards), where the highest 
values (> 200 nano-strain) also occur. Towards the 
westmost part though, a significant change of direction 
is observed, reaching 90°. At the very northern part of 
Thessaly, MAHE direction shows gradual change 
from NW to the west, N-S to the centre, and NE-SW 
to the east. Besides the southern margin of the 
Thessalian Basin, significant values (> 150 nano-
strain) are observed near Mouzaki and the Larissa 
Fault, within the Larissa plain. Of particular interest 
are the negative, absolute low, values of MAHE just 
south of the 2021 epicentral area. In general, the 
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Fig. 2 (a, b) Maximum Horizontal Extension (MAHE) on barycentres as vectors (a) and interpolated (b). 
(c,d) Total Velocity (TV) on barycentres as vectors (c) and interpolated (d). (e) Maximum Shear Strain 
(MSS) interpolated. (f,g,h) Area Strain (AS) on barycentres as circles (f) and dilatation and compaction 
interpolated (g and h, respectively). The used interpolation method is Kriging. The major neotectonic/active 
faults and the moment tensor solutions (IG-NOA and GFZ) of the 2021 seismic sequence (Fig. 1b) are also 
shown. Toponyms are shown in Fig. 1b. 

MAHE results show a gradual tectonic activity 
increase at the central and eastern part of Thessaly. 

 
2.2. TOTAL VELOCITY (TV) 

The TV parameter shows the motion of an area, 
strongly related to its geotectonic and geodynamic 
evolution. The values in our study area range between 
6.7 and 25.3 mm/yr, with a SE direction of increasing 
values (Figs. 2c, d). The vectors direction reveals 

a smooth gradual change from S to SW as we move 
from north to south and southeast. In combination with 
the SE-ward increasing values, a SW motion with 
a clockwise rotation is assumed, confirming the results 
of Chousianitis et al. (2013).  

 
2.3. MAXIMUM SHEAR STRAINS (MSS) 

The MSS parameter is directly related to the 
faults or fault zones activity (mainly associated with 
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extensional tectonics), indicating the shearing, 
occurring in a specific area. The MSS values of the 
Thessaly area range between 3 and 725 nano-strain. 
The MSS values analysis (Fig. 2e) shows that the 
highest values (> 400 nano-strain) are near Mouzaki 
(western part of the Thessalian Basin), and south of the 
Thessalian Basin (Pagasitikos Gulf). Intermediate 
values (near 200-400 nano-strain are observed along 
a N-S axis at the central part of the basin and all along 
the western basinal margin, from Mouzaki and 
northwards. The 2021 epicentral area is located within 
an area of low MSS values (<100 nano-strain). 

 
2.4. AREA STRAIN (AS) 

The AS parameter represents the type of strain, 
dilatation or compaction, which can be related to the 
active tectonic structures of a study area. The former 
(dilatation) is directly associated with extensional 
tectonics and therefore with normal faulting, while the 
latter (compaction) is directly associated with 
compressional tectonics and therefore with reverse 
faulting.  The coexistence of dilatation and 
compaction indicates strike-slip faulting. The AS 
values within the Thessaly area range between -423 
and 357 nano- strain, indicating both dilatation and 
compaction (Figs. 2f, g, h). Compaction is mostly 
concentrated in western Thessaly (|AS| > 100 nano-
strain) with some low absolute values (ca 50 < |AS| < 
150 nano-strain) in the central part of the basin. 
Dilatation is more disperse with high values (AS > 200 
nano-strain) observed in SE Thessaly and the 
maximum south of the Thessalian Basin. Low, but 
noticeable values of dilatation (100-200 nano-strain) 
are observed near Mouzaki and the very NW part of 
the Thessalian Basin. In Mouzaki area, compaction is 
also intense (its maximum value occurs there) 
implying the presence of shear as well. In the 
epicentral area of the 2021 seismic sequence, both 
compaction and dilatation show small (absolute) 
values (~50 nano-strain).  

 
3. CONCLUSIONS – DISCUSSION 

3.1. CRUSTAL DEFORMATION INTERPRETATION 

The Thessaly region is generally considered as 
a region of moderately active tectonics. The crustal 
deformation analysis suggests the dominance of active 
normal faulting; nevertheless, in the western part of 
the Thessalian Basin compressional faulting with 
shear may occur as well, due to the following reasons: 
i) high compaction with lower, but noteworthy 
dilatation coexistence (AS parameter), and ii) quite 
high MSS values. Indeed, near Mouzaki (western 
Thessalian Basin), MSS values exceed 400 nano-
strain (Fig. 2e), whereas the AS-derived compaction 
of ca. 420 naneo-strain and dilatation of ca. 150 nano-
strain occur simultaneously (Figs. 2g, h), suggesting 
oblique-reverse faulting with significant shear 
component. This deformational regime implies the 
existence of transpressional strike-slip faulting. These 

tectonic structures are likely to be associated with the 
Apulian-Aegean collision in western Greece, resulted 
in the activation or potential activation of strike-slip 
structures, expanding throughout Greek mainland. 
North of Mouzaki, where compaction decreases closer 
to the dilatation values, shear becomes the dominant 
fault kinematics. Southwest of Mouzaki, both MSS 
and AS components decrease rapidly passing into 
a more dilatational regime towards the south 
Thessalian Basin. This transition is also supported by 
the gradual change of the MAHE vectors direction 
from E-W to the north to N-S to the south. Apart from 
western Thessaly, the rest region is characterized by 
the dominance of dilatation with significant MSS 
values indicating normal faulting activity; according 
to the MAHE vectors direction, the faults (or fault 
zones) strike varies between E-W (Pagasitikos Gulf 
area) and NW-SE (NNE part of Thessaly). The TV 
results imply that Thessaly is more and more involved 
in the southwestward Aegean (micro-)plate motion as 
we move from NW to S and SE, or else closer to the 
Hellenic Arc, showing common deformation 
characteristics (tectonic structures, kinematics, etc.) 
with the corresponding Aegean ones. These results are 
generally equivalent with previously published works 
(Perouse et al., 2012; Müller et al., 2013; Chousianitis 
et al., 2015), despite the fact that different techniques 
for the GPS processing are applied; however, the 
multiparametric approach of our paper adds detailed 
information in the strain issue, which reinforces 
geodynamic interpretations of the aforementioned 
previous works. 

 
3.2. THE 2021 EARTHQUAKE SEQUENCE IN 

THESSALY 

Although the crustal deformation analysis is not 
directly associated with the 2021 earthquake sequence 
(since the GPS measurements refer to an earlier 7-year 
period), some important conclusions can be drawn. 
Initially, the MAHE vectors direction are lacking in 
the narrow epicentral area since no barycentres occur 
from the applications of the triangulation 
methodology, preventing a direct observation and 
conclusion. Immediately to the south, a weak 
compressional field is exposed in a roughly NW-SE 
direction, whereas a little further to the north, 
a N- S- directing extensional regime is revealed. 
Perhaps, within this transitional zone, the NE-SW 
direction of extension occurs; however, this 
hypothesis is precarious, as it is exclusively based on 
the moment tensor solutions. In any case, the 
epicentral area demonstrates deformational 
complexity which cannot be explained with a simple 
uniform N-S-trending extension covering all Thessaly 
like it was believed (e.g. Caputo and Pavlides, 1991; 
1993). Moreover, the low values of the MSS 
parameter indicate that the seismic area is subjected 
into a very low stress charge process, although the 
nearby Larissa fault shows higher values. The AS 
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parameter reveals low dilatation and compaction 
values as well. In other words, the deformation process 
seems rather slow for the period 2008-2014. 

Given that the GPS monitoring period is very 
short compared to the fault’s seismic cycle, and that 
the state of the prior accumulated elastic deformation 
is unknown, then probably the so far accumulated 
strain, and consequently the stress load, was near to 
fault’s rupture threshold. Therefore, it is concluded 
that the 2021 earthquake sequence is a short-term 
episode within a crustal area that undergoes long-term 
deformation, controlled by a wider stress regime; this 
regime is primarily characterized by a significant 
extensional field, as expressed by dip-slip normal 
faults, and secondarily by increased shear component 
values, mainly at the western part of Thessaly, 
represented by potential active strike-slip structures. 
Based on this analysis, similar earthquake phenomena 
cannot be excluded for the broader Thessaly area. 
Future research could include the estimation of the 
strain rate and its behaviour (stable, 
accelerating/decelerating, or irregular) during 
a similar time period and its association with the 
short- term slip-rate. 
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