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0.90 ± 0.03 and a composite model of three modified 
Omori regimes for the decay of the aftershocks pro-
duction rate. The distribution of waiting times between 
the successive aftershocks also presents scaling and a 
bimodal distribution between two power-law regimes, 
signifying clustering effects at all time scales in the 
temporal occurrence of aftershocks. Application of 
principal component analysis to the spatial distribution 
of aftershocks indicates that the activated area reached 
its maximum during the first ten days after the main-
shock and then remained constant. Aftershocks mainly 
propagated along fault strike on a NW–SE direction 
during the early phase of postseismic relaxation, driven 
by a combination of co-seismic stress changes and 
afterslip following the mainshock. Overall, the results 
presented herein provide important insights into the 
scaling parameters and the triggering mechanisms of 
the 2021 Northern Thessaly aftershock sequence, which 
are essential for better understanding and modeling the 
aftershock generation process.

Keywords  2021 Northern Thessaly earthquake · 
Aftershock sequence · Scaling properties · Triggering 
mechanisms · Coulomb stress transfer · Afterslip

1  Introduction

The occurrence of pronounced aftershock sequences 
following large earthquakes is one of the most well-
established patterns of observational seismology. 

Abstract  On March 3, 2021, a strong shallow earth-
quake of magnitude Mw 6.3 struck Northern Thessaly, 
an area that lies in one of the most active fault zones 
of mainland Greece. The mainshock generated numer-
ous aftershocks, with some of  large magnitude reach-
ing up to Mw 6.0. In this work, we study the scaling 
properties and the physical mechanisms of aftershock 
occurrence during the pronounced aftershock sequence 
that followed the mainshock. The aftershock sequence 
obeys well-established scaling relationships, such as 
the Gutenberg-Richter scaling law for the frequency-
magnitude distribution of aftershocks with a b-value of 

Article highlights
• A strong earthquake of magnitude 6.3 struck northern 
Thessaly on March 2021, producing numerous aftershocks.
• The aftershock sequence presents scaling in the 
distributions of earthquake magnitudes and temporal 
occurrence.
• Aftershocks migrated along fault strike as the combined 
effect of co-seismic stress changes and afterslip.
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Aftershock generation can be attributed to the relaxa-
tion process of stress concentrations produced by 
the dynamic rupture of the mainshock (e.g., Scholz 
2019). To explain the occurrence of aftershocks, vari-
ous physical mechanisms have been proposed, includ-
ing rate and state-dependent friction (Dieterich 1994), 
viscoelastic relaxation (Dieterich 1972; Nakanishi 
1992), stress corrosion evolving in sub-critical crack 
growth (Das and Scholz 1981), pore fluid flow (Nur 
and Booker 1972; Miller et  al. 2004), fault damage 
rheology (Shcherbakov and Turcotte 2004; Ben-Zion 
and Lyakhovsky 2006), and aseismic slip (Perfet-
tini and Avouac 2004; Hsu et  al. 2006), among oth-
ers. The main objective of these mechanisms is to 
provide a physical reasoning to certain aspects that 
are manifested in the statistical properties of after-
shock sequences. Perhaps the most robust one is the 
frequency-magnitude distribution of aftershocks that, 
as all earthquakes, scale according to the Gutenberg-
Richter scaling law (Gutenberg and Richter 1944). 
The other well-established scaling relationship refers 
to the decay of the aftershock production rate that 
scales as a power-law with time according to the 
modified Omori formula (Utsu et al. 1995). In addi-
tion, the spatial distribution of aftershocks frequently 
presents migration patterns with time, albeit not uni-
versally observed (Tajima and Kanamori 1985; Henry 
and Das 2001; Helmstetter et  al. 2003). All these 
properties can provide important insights into the 
spatiotemporal organization, the internal dynamics, 
and overall, into the physical mechanisms of after-
shocks occurrence.

On March 3, 2021, a strong shallow earthquake 
of moment magnitude Mw 6.3 occurred in Northern 
Thessaly (central Greece), with seismic intensity 
reaching in the epicentral area the magnitude VIII of 
the modified Mercalli scale (USGS NEIC ShakeMap, 
available at https://​earth​quake.​usgs.​gov/). The earth-
quake has widely been felt in central Greece and has 
caused one casualty, few injuries, and severe building 
damages in the broader epicentral area (e.g., Mavrou-
lis et al. 2021). The Mw 6.3 mainshock was followed 
by numerous aftershocks, with some reaching or 
exceeding Mw 5.0. One day later, on March 4, 2021, a 
second major event with magnitude Mw 6.0 occurred 
to the northwest of the mainshock. Aftershock pro-
ductivity was intense during the first 2  weeks after 
the mainshock counting a few thousand of events and 
then slowed down. The aftershock activity progressed 

along a NW–SE general direction, consistent with the 
focal mechanisms of the mainshock and the major 
events, as well as with the regional tectonic setting 
(Ganas et al. 2021; Karakostas et al. 2021).

In this study, we provide the first results regarding 
the scaling properties and the spatial distribution of 
the 2021 Northern Thessaly aftershock sequence and 
investigate the triggering mechanisms. Initially, we 
consider aftershocks as a point-process in time and 
space, marked by the magnitude of the event, and 
estimate the parameters of well-established empirical 
scaling relationships for aftershock sequences, such as 
the Gutenberg-Richter scaling law for the frequency-
magnitude distribution of earthquakes and the modi-
fied-Omori formula for the aftershocks decay rate. To 
provide further insights into the physical mechanism 
of the aftershock generation process, we also investi-
gate the distribution of waiting times between succes-
sive events. In addition, we investigate the spatial dis-
tribution of aftershocks and its correlation to positive 
Coulomb stress changes induced by the mainshock 
and the second major event. We further study the rate 
of the spatial expansion of the aftershocks focal zone 
by using principal component analysis and discuss 
the results in terms of rate strengthening rheology 
that governs the evolution of the afterslip process.

2 � Regional seismotectonic setting and the 2021 
Mw 6.3 earthquake

Thessaly region belongs to the western margin of 
Internal Hellenides in the back-arc of the Aegean 
microplate. The geology of the broader epicentral 
area consists mainly of metamorphic formations cov-
ered by carbonate rocks that belong to the Pelagonian 
unit. The metamorphic rocks include formations of 
marbles and crystallized limestones, as well as blue-
schists, gneisses, schists, and amphibolites (Paleozoic 
– Triassic age) (Fig. 1) (Caputo 1990). Other Meso-
zoic formations as granites and granodiorites are 
observed to the north of the epicentral area, as well as 
small-scale appearances of ophiolites (Fig.  1). Post-
alpine sediments as molassic formations are observed 
to the west, while Quaternary deposits spread towards 
the east and south (Fig.  1) (Caputo and Pavlides 
1993).

Northern Thessaly experiences active continental 
extension of the order of 2 − 4 mm/year on an N − S 
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to NNE − SSW direction (D’Agostino et  al. 2020). 
NE-SW extension during Late Miocene-Early Pleis-
tocene was succeeded in Middle Pleistocene by a new 
deformation phase of roughly N-S extension that is 
still active. This deformation phase formed a new sys-
tem of E-W to ESE-WNW trending normal faults and 
the Tyrnavos Basin (Caputo et al. 2004), in which the 
epicenter of the 2021 Mw 6.3 earthquake is located. 
The Tyrnavos Basin is bordered by few major normal 
faults, as the south-dipping Rodia and Gyrtoni faults 
to the north and the north-dipping Tyrnavos, Larissa, 
and Asmaki faults to the south (Caputo et  al. 2004) 
(Fig. 1).

Thessaly area is located on the western termina-
tion of the North Anatolian Fault zone (Hatzfeld et al. 
1999; Müller et  al. 2013) and is characterized by 
high seismicity, with numerous earthquakes reported 
in both historic and modern times. Regional large 
earthquakes present typical mainshock magnitudes 
between 6.0 and 7.0. During 1500–1900 CE, thirteen 
earthquakes with M ≥ 6.0 are reported in the region of 
Thessaly (Table 1), three of which were in the vicinity 
of Larissa (1668, M 6.0; 1731, M 6.0; 1781, M 6.2) 
and one (1766, M 6.1) close to Elassona (Papazachos 
and Papazachou 2003; Stucchi et  al. 2013) (Fig.  1). 
During the twentieth century, six large earthquakes 
with M ≥ 6.0 have occurred in this area (Table 1), with 
the 1954, M 7.0 Sofades earthquake being the most 
destructive one, causing severe building damages in 
the broader Southern Thessaly region (Papazachos 
and Papazachou 2003; Papadimitriou and Karakos-
tas 2003). The 1941 M 6.3 Larissa, the 1957 M 6.8 
Velestino, and the 1980 M 6.5 Almyros earthquakes 
are equally notable events, with similarly destructive 
consequences (Papazachos et  al. 1983; Caputo and 
Pavlides 1993; Papazachos and Papazachou 2003; 
Papadimitriou and Karakostas 2003). During the last 
five centuries, strong earthquakes in this area seem to 
be clustered in time and space, implying interactions 
between the regional active faults (Papadimitriou and 
Karakostas 2003).

On February 28, 2021, seismicity started to 
increase in the Tyrnavos basin, registering few shal-
low earthquakes with magnitude M ≤ 2.7 and depth 
D < 10  km. Three days later, on March 3, 2021 
(time 10:16:08 UTC), the Mw 6.3 strong earthquake 
occurred in the area, at a depth of ~ 10  km (Kara-
kostas et  al. 2021) and at a distance of ~ 8 km W of 
Tyrnavos, ~ 23  km WNW of Larissa and ~ 43  km 

ENE of Trikala. The moment tensor solution of the 
mainshock indicates the activation of a NW–SE nor-
mal fault, dipping towards SW or NE (Fig. 2), while 
the hypocentral distribution of aftershocks points to 
a NE-dipping intermediate-angle fault plane (Ganas 
et al. 2021). The mainshock was instantly followed by 
numerous aftershocks, with some reaching or exceed-
ing Mw 5.0, while one day later, on March 4, 2021 
(time 18:38:18 UTC), the Mw 6.0 second major event 
occurred to the northwest of the mainshock (Fig. 2). 
The focal mechanism of the Mw 6.0 earthquake, as 
well as the ones of the largest aftershocks, indicate 
normal faulting in a NW–SE general direction, alike 
the focal mechanism of the mainshock (Fig. 2). The 
depth range of the aftershock sequence was mainly 
between ~ 4 and ~ 12 km (Karakostas et al. 2021). The 
two Mw ≥ 6 major events, as well as the March 12, 
2021, Mw 5.5 aftershock, are thought to have ruptured 
three previously unknown blind normal faults (Ganas 
et al. 2021).

The spatial distribution of the aftershock sequence 
during the period March 3 − May 21, 2021, as 
extracted from the bulletins of the Geophysics 
Department, Aristotle University of Thessaloniki 

Table 1   Reported earthquakes with M ≥ 6.0 in the region of 
Thessaly during 1500–2020

Year Latitude Longitude Magnitude Area

1544 39.50 21.60 6.4 Pyli
1621 39.50 21.90 6.0 Meteora
1661 39.50 22.10 6.2 Meteora
1665 39.60 21.60 6.0 Pyli
1668 39.70 22.40 6.0 Larissa
1674 39.40 21.90 6.0 Meteora
1731 39.70 22.50 6.0 Larissa
1735 39.40 21.80 6.4 Meteora
1743 39.40 22.60 6.6 Almyros
1766 39.80 22.30 6.1 Elassona
1773 39.40 22.70 6.4 Almyros
1781 39.60 22.40 6.2 Larissa
1787 39.60 21.40 6.0 Pyli
1905 39.67 22.93 6.4 Skiti
1941 39.67 22.54 6.3 Larissa
1954 39.28 22.29 7.0 Sofades
1957 39.30 22.70 6.5 Velestino
1957 39.38 22.63 6.8 Velestino
1980 39.27 22.93 6.5 Almyros
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(AUTH) (http://​geoph​ysics.​geo.​auth.​gr/​ss/), count-
ing 1867 events, is shown in Fig. 2. Aftershocks align 
towards NW − SE, in agreement with the general 
direction of the regional tectonic setting (Fig. 1) and 
the strike of the major events (Fig. 2). The aftershock 
hypocenters are located at crustal depths, mainly 
shallower than ~ 10  km. However, as depths are less 
well constrained in the AUTH bulletins, they are not 
depicted in Fig. 2. The rate of earthquake magnitudes 
during this period is shown in Fig. 3 according to the 
AUTH bulletins. In the latter, earthquake magnitudes 
are registered at the local scale, referring to magni-
tude M 6.0 and M 5.8 for the mainshock and the sec-
ond major event, respectively (Fig. 3; stars). In Fig. 3, 
it can also be observed the augmentation of the 
recorded lower magnitude events, after the installa-
tion of a local network on March 5, 2021, by AUTH. 
Throughout the analysis, we refer to local magnitudes 

(M) as registered in the AUTH bulletins, unless other-
wise we refer in the text to the revised moment mag-
nitudes (Mw) of the larger events.

3 � Scaling properties of the aftershock sequence

3.1 � Frequency‑size distribution and seismic b‑values

The frequency-magnitude distribution of earthquakes 
and aftershock sequences, under a wide variety of 
conditions and scales, is well approximated with the 
Gutenberg-Richter (G-R) scaling law (Gutenberg and 
Richter 1944):

(1)logN(> M) = a − bM
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Fig. 2   The spatial distribution of the 2021 Northern Thes-
saly aftershock sequence (filled symbols, scaled according to 
magnitude). Beachballs represent the focal mechanisms of the 

larger earthquakes, according to the moment tensor solutions 
of the Institute of Geodynamics, National Observatory of Ath-
ens (http://​bbnet.​gein.​noa.​gr/)
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where N(> M) is the number of earthquakes with 
magnitude greater than M and a, b are positive con-
stants that represent the regional level of seismic-
ity and the proportion of small to larger magnitude 
events, respectively. The parameter b, commonly 
known as the seismic b-value, generally takes values 
close to one (Frohlich and Davis 1993; Scholz 2019), 
although regional variations may appear that can be 
attributed to the regional stress regime (Schorlemmer 
et  al. 2005). Various studies have shown that after-
shocks also satisfy the G-R relation, with b-values 
that are generally not different from those of regional 
or background seismicity (e.g., Kisslinger 1996).

To calculate the a and b parameters of Eq. 1, the 
maximum likelihood estimation (MLE) procedure is 
commonly deployed (Utsu 1966; Shi and Bolt 1982). 
In these calculations, it is crucial to appropriately 
define M0, the minimum earthquake magnitude that 
is considered in the analysis; otherwise, biases can 
be produced in the estimated values. To appropriately 
define M0, we estimate the magnitude of complete-
ness (Mc) of the seismic dataset during the period 
March 3–May 21, 2021, according to two methods, 
the maximum curvature method and the goodness-of-
fit test (Wiemer and Wyss 2000). The maximum cur-
vature method provides Mc = 2.3. The goodness-of-fit 
test provides a similar value (Mc = 2.3) for 90% resid-
uals, while for 95% residuals, it provides Mc = 2.4 
(Fig. 4a). In the following we consider the more con-
servative value of Mc = 2.4 and use in the statistical 
analysis only the events with M ≥ Mc, counting 974 
events.

Setting M0 = 2.4, we calculate the a and b values of 
the G-R relation using the MLE method. For the 2021 
Northern Thessaly aftershock sequence, we estimate 

the values of a = 5.13 ± 0.11 and b = 0.90 ± 0.03. Fig-
ure  4c shows the frequency–magnitude distribution 
for the aftershock sequence and the fitting accord-
ing to the G-R scaling law (Eq. 1) for the estimated 
model parameters. The fitting is generally well con-
strained, suggesting that the G-R scaling law is appli-
cable in this sequence with b = 0.90. Furthermore, we 
calculated the corresponding a and b values for the 
regional background seismic activity enclosed within 
the area of Fig. 1 during 2011–2020. In this case, we 
used the bulletins of the Hellenic Unified Seismologi-
cal Network (HUSN) (http://​bbnet.​gein.​noa.​gr/​HL/) 
that counts 514 events during this period. Using the 
previous methodology, we estimated the magnitude 
of completeness Mc = 2.0 for 95% residuals (Fig. 4b). 
Setting M0 = 2.0, the a and b values of the G-R rela-
tion are a = 4.50 ± 0.18 and b = 1.10 ± 0.07 (Fig. 4d). 
Hence, we observe that the regional background 
b-value during 2011 – 2020 is higher than the b-value 
of the aftershock sequence, or the value of b = 0.96 
that characterizes the longer-term seismic activity 
in the area of Northern Thessaly (Vamvakaris et  al. 
2016), mainly due to the lack of larger magnitude 
earthquakes during the last decade prior to the 2021 
mainshock.

In addition, we calculated the b-value variations 
during the aftershock sequence. Initially, we esti-
mated the magnitude of completeness (Mc) in con-
secutive time windows comprising of 200 events 
sliding every 50 events. As the goodness-of-fit test 
did not always provide a result for 95% residuals 
in the successive time windows, we considered the 
results for Mc calculated with the maximum cur-
vature method. The variations of Mc with time are 
shown in Fig.  5a. Mc varies between 2.2 and 2.4 

Fig. 3   The rate of earth-
quake magnitudes (local 
scale) with time for the 
2021 Northern Thessaly 
aftershock sequence during 
the period March 03–May 
21, 2021, according to the 
AUTH bulletins
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during the first 4 days after the mainshock, while it 
drops down to 2.0 on March 8, 2021, following the 
installation of the local network on March 5. From 
thereon, Mc varies between 2.1 and 2.4 (Fig.  5a). 
We then calculated the b-value of the G-R relation 
and its uncertainties using the same methodology 
as previously and setting M0 equal to Mc for each 
time window. The results, shown in Fig.  5b, indi-
cate variations between 0.62 ± 0.04 and 1.10 ± 0.10, 

with a mean of 0.92 ± 0.08. The lowest value of 
b = 0.62 ± 0.04 appears right after the mainshock 
occurrence, probably due to incompleteness of the 
catalogue in the lower magnitude earthquakes dur-
ing the first hours after the mainshock (e.g., Kagan 
2004). Then the b-value increased during the fol-
lowing days, reaching the value of 1.10 ± 0.10 dur-
ing March 9, and then dropped and varied around 
the mean value (Fig. 5b).

Fig. 4   a Residual plot between the observed frequency–mag-
nitude distribution and the perfect fit of a power-law for each 
magnitude bin for the 2021 Northern Thessaly aftershock 
sequence. The purple dot indicates Mc for 95% residuals. b 
The same plot for the 2011–2020 seismic activity in North-
ern Thessaly. c Frequency–magnitude distribution of the 2021 
Northern Thessaly aftershock sequence, represented by the 

cumulative (squares) and the discrete (triangles) number of 
events. The solid line represents the G-R relation for Mc = 2.4 
and for the values of a = 5.13 and b = 0.90. d The same plot 
as previously, for the 2011–2020 seismic activity in North-
ern Thessaly. The solid line represents the G-R relation for 
Mc = 2.0 and for the values of a = 4.50 and b = 1.10
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3.2 � Temporal properties of the aftershock sequence

3.2.1 � Aftershock production rate and modelling

Following the original observations by Omori in the 
late nineteenth century regarding the frequency of 
aftershocks following strong earthquakes in Japan 
(Omori 1894), the so-called Omori formula has 
been applied in numerous aftershock sequences 
ever since. This scaling relation is a manifestation 
of temporal correlations in aftershock sequences, 
which can be viewed as a complex relaxation pro-
cess that follows a mainshock. Its modified ver-
sion states that the aftershock production rate 
n(t) = dN(t)∕dt (where N(t) is the number of after-
shocks in time t after the mainshock) decays as a 
power-law with time t according to (Utsu et  al. 
1995):

In the previous equation, K is a proportionality 
constant that depends on the total number of after-
shocks, c is a positive constant that takes the dimen-
sions of time and p is the power-law exponent that 
usually takes values in the range 0.9 < p < 1.6 (Utsu 
et  al. 1995). The previous parameters and essen-
tially the aftershock production rate depend on vari-
ous properties particular to the seismogenic region, 
such as the tectonic setting, the stress changes 
along the regional faults, the structural heteroge-
neities, and the crustal rheology (Utsu et  al. 1995; 
Shcherbakov et al. 2004; Valerio et al. 2017).

The parameters K, c, and p in the modified 
Omori formula are usually calculated with the 
MLE method (Ogata 1983). The likelihood func-
tion in this case for N aftershocks occurring at time 
ti {i = 1,2,…,N} between T1 and T2 with intensity 
λ(t) = n(t) is written as (Ogata 1983):

The parameters in Eq. 2 are estimated by maxi-
mizing the function lnL . In addition, the cumulative 
number of aftershocks N(t) is estimated from n(t) 
(Eq. 2) as:

(2)n(t) = K(t + c)−p
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The temporal evolution of the 2021 Northern 
Thessaly aftershock sequence, in terms of the cumu-
lative number of aftershocks (M ≥ Mc) that followed 
the Mw 6.3 mainshock, is shown in Fig.  6, along 
with the modified Omori formula (Eq.  4). For the 
entire sequence, the MLE for the modified Omori 
formula provides the parameters K = 670.6±227.0, 
c = 1.51±0.37 and p = 1.49±0.10 (Table 2). For this 
set of parameters, the Akaike information criterion 
(Akaike 1974) provides the value of –5471, while 

(4)N(t) =

t

�
0

n(s)ds =

{
K
[
c1−p − (t + c)1−p

]
∕(p − 1), forp ≠ 1

Kln(t∕c + 1), forp = 1

a two-sample Kolmogorov–Smirnov test does not 
reject the null hypothesis that the observed N(t) fol-
lows the modified Omori formula for the previous 
parameter values at the 1% significance level (test 
statistic 0.062 and asymptotic p 0.058).

However, since breaks are observed in the cumu-
lative number of aftershocks that signify event-rate 
changes in the production of aftershocks, particu-
larly after the occurrence of strong M > 5 events 
(Fig. 6), we also investigate the alternative hypoth-
esis that strong events trigger their own aftershocks 
within the same aftershock sequence. In this case, 
the aftershock production rate n(t) can be expressed 

Fig. 6   The cumulative number of events for M ≥ Mc (symbols) 
with time that followed the Mw 6.3 mainshock (star). The solid 
line represents the composite model of three modified Omori 
regimes, while the dashed line the model for a single modified 

Omori regime. Vertical dashed lines mark the time of occur-
rence of the strongest earthquakes following the mainshock (M 
values after the AUTH bulletins)

Table 2   The considered mainshock, the duration (in days), 
the number of events (N), and the MLE of the modified Omori 
formula parameters for each case, along with their associated 
uncertainties. AIC is the estimated Akaike information crite-

rion for each model. The first row shows the results for a sin-
gle modified Omori regime, while the last three rows for the 
composite model of three modified Omori regimes, presenting 
a unique AIC value

Model Mainshock Duration (days) N K c (days) p AIC

Single model Mw6.3 03/03/21 80 days 967 670.6 ± 227.0 1.51 ± 0.37 1.49 ± 0.10 –5471
Composite model Mw6.3 03/03/21 1.35 days 254 105.7 ± 22.1 0.16 ± 0.07 1.11 ± 0.21 –5756

Mw6.0 04/03/21 7.63 days 385 79.2 ± 4.5 0.04 ± 0.03 0.70 ± 0.06
Mw5.5 12/03/21 70.4 days 328 36.1 ± 3.5 0.03 ± 0.02 0.81 ± 0.04
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as a combination of several modified Omori regimes 
(Ogata 1983; Utsu et al. 1995):

where H(·) represents a unit step function and t2, t3 
designate the occurrence times of secondary after-
shock sequences. For times t < t2 and t < t3, the param-
eters K2 and K3 in Eq. 5 equal zero, respectively. By 
setting t2 = 1.35 days and t3 = 9.11 days, which are the 
times from the mainshock when the second major 
event of Mw 6.0 and the largest aftershock of Mw 5.5 
occurred, we model the three sequences individu-
ally and then together as a composite sequence, in 
which the aftershocks of each mainshock contribute 
to the event rate of the next sequence. The composite 
model, as estimated from the MLE for the three indi-
vidual modified Omori regimes, is shown in Fig.  6. 
The duration of each sub-sequence, the number of 
events included (for M ≥ Mc), the estimated parame-
ters of the corresponding modified Omori regime and 
their associated uncertainties are displayed in Table 2. 
After the occurrence of the Mw 6.3 mainshock and 
up to the Mw 6.0  second major event, a p-value of 
1.11 ± 0.21 is obtained. After the occurrence of the 
second major event and up to the Mw 5.5 aftershock, 
p-value reduces to 0.70 ± 0.06, while thereafter we 
estimate the p-value of 0.81 ± 0.04. A visual inspec-
tion of Fig.  6 indicates that the composite model 
(Eq.  5) describes better the observed N(t) than the 
single modified Omori regime, which is further con-
firmed by the smaller AIC value of –5756 (Table 2) 
that the composite model presents. In this case, the 
two-sample Kolmogorov–Smirnov test does not reject 
the null hypothesis that the observed N(t) follows the 
composite model for the parameter values listed in 
Table 2 at the 1% significance level, with a test statis-
tic of 0.016 and asymptotic p of 0.999.

3.2.2 � The waiting‑times distribution

In addition, we study the temporal correlation prop-
erties of the aftershock sequence and construct the 
distribution of waiting times (or interevent times) 
between the successive aftershocks. In this analysis, 
earthquakes are considered as a point process in time, 
marked by the magnitude of the event, with wait-
ing times τ between the successive events defined 

(5)n(t) = K1

(
t + c1

)−p1 + H
(
t − t2

)
K2

(
t − t2 + c2

)−p2 + H
(
t − t3

)
K3

(
t − t3 + c3

)−p3

as τi = ti+1 – ti, where ti is the time of occurrence of 
the ith event {i = 1,2,…,N-1} and N the total number 

of events. To investigate the probability distribution 
p(τ), the histogram of waiting times τ is constructed, 
preferably in logarithmically spaced bins, as wait-
ing times expand in a wide range of scales, vary-
ing between seconds, to hours and days. Then, p(τ) 
is estimated by counting the number of τ that fall in 
each bin, further normalized with the bin width, and 
divided by the total number of counts (e.g., Corral 
2004; Michas and Vallianatos 2018).

Various models have been proposed to describe 
the distribution of waiting times between successive 
earthquakes. These models vary between complete 
randomness (e.g., homogeneous Poisson model), 
semi-randomness in which random background 
activity of mainshocks is interspersed by correlated 
aftershock sequences (e.g., ETAS model) and other 
models that indicate correlated earthquakes at all 
timescales (e.g., Michas and Vallianatos 2021 and ref-
erences therein). Shcherbakov et al. (2005) suggested 
a non-homogeneous Poisson process to describe the 
observed scaling of aftershock sequences. On the 
other hand, the validity of the modified Omori for-
mula (Eq.  2) implies that for a non-stationary Pois-
son process the waiting time distribution for corre-
lated aftershock sequences scales as a power-law with 
exponent 2–1/p (Utsu et  al. 1995). In addition, for 
stationary seismicity rates the waiting time distribu-
tions of regional seismicity are well approximated by 
a generalized gamma function (Corral 2004), while 
for nonstationary earthquake time series a crossover 
behavior between two power-law regimes has been 
observed (Corral 2003; Michas et  al. 2013; Michas 
and Vallianatos 2018). Michas and Vallianatos (2018) 
suggested a stochastic dynamic model with memory 
effects that produces the scaling behavior of nonsta-
tionary earthquake time series. The solution of this 
model is the so-called q-generalized gamma distribu-
tion that has the form:

(6)f (�) = C

(
�

�0

)�−1

expq

(
−
�

�0

)

210 J Seismol (2022) 26:201–225



1 3
Vol.: (0123456789)

where C is a normalization constant, τ0 a scaling 
parameter and γ a scaling exponent, while the last 
term in the right-hand side of the equation is the 
q-exponential function:

For q > 1, the q-exponential function exhibits 
asymptotic power-law behavior, while in the limit 
q → 1 it recovers the ordinary exponential function 
and thus the q-generalized gamma distribution the 
ordinary gamma distribution. The q-exponential fam-
ily of distributions are known from Non-Extensive 
Statistical Mechanics (NESM) (Tsallis 2009) and 
have found wide applications in the temporal scal-
ing properties of seismic sequences (Vallianatos et al. 
2016, 2018; Vallianatos and Michas 2020 and refer-
ences therein), including aftershock sequences (Val-
lianatos et al. 2012).

Figure 7 shows the normalized probability density 
p(τ) of waiting times τ for the 2021 Northern Thes-
saly aftershock sequence. For the construction of 
p(τ), we considered only earthquakes with magnitude 
M ≥ Mc and τ ≥ 60 s. For waiting times less than 60 s a 

(7)expq(x) =
[
1 + (1 − q)x

]1∕(1−q)

rollover appears in p(τ) that can be related to possible 
incompleteness of the catalogue at short time inter-
vals due to overlapping of the recorded earthquakes 
in the seismograms (de Arcangelis et al. 2018). Short 
waiting times occur mainly in the early days of the 
aftershock sequence due to greater aftershock produc-
tion rate and longer waiting times in the later part of 
the sequence where the production rate is lower (see 
Fig. 6).

The normalized probability density p(τ) for 
the 2021 Northern Thessaly aftershock sequence 
shows a crossover behavior between two power-law 
regimes, in which long waiting times decay faster 
than short ones (Fig. 7). This scaling behavior can 
well be approximated with the q-generalized gamma 
distribution (Eq.  6), for the parameter values of 
C = 0.18 ± 0.02, τ0 = 26.8 ± 21.2, γ = 0.28 ± 0.09 and 
q = 1.96 ± 0.19 (Fig.  7). The latter suggests tempo-
ral correlations in the evolution of the aftershock 
sequence at all time scales, in contrast to a homo-
geneous Poisson process where earthquakes occur 
randomly in time. In addition, the modified Omori 
formula (Eq.  8) implies that for a non-stationary 
Poisson process the waiting time distribution for 

Fig. 7   Normalized probability density p(τ) of waiting times 
τ for the 2021 Northern Thessaly aftershock sequence (filled 
symbols). The solid line represents the q-generalized gamma 
distribution (Eq. 6) for the parameter values C = 0.18, τ0 = 26.8, 

γ = 0.28, and q = 1.96. The dashed lines show the two power-
law regimes for short and long waiting times, projected as 
straight lines in the log–log axis representation of the graph
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correlated aftershock sequences scales as a power-
law with exponent 2–1/p (Utsu et al. 1995). For the 
entire sequence, we find p ≈ 1.49, which implies 
the power-law exponent of ≈1.3 for the waiting 
time distribution. However, the observed p(τ) pre-
sents a bimodal behavior and the crossover between 
two power-law regimes for short and long waiting 
times, which may be attributed to the various Omori 
regimes that are observed in the evolution of the 
aftershock sequence (Fig. 6).

4 � Spatial footprint of Coulomb stress changes

Various studies have shown a good correlation 
between positive Coulomb stress changes and the 
spatial evolution of most and significant aftershocks 
(e.g., King et al. 1994; Toda et al. 1998; King and 
Cocco 2001). The spatial distribution of the 2021 
Northern Thessaly aftershock sequence (Fig.  2) 
shows an evolution of major aftershocks mainly 
towards the northwest. In this area the second major 
event of Mw 6.0 and a major aftershock of Mw 5.0 
occurred on March 4, 2021, 18:38:18 (UTC) and 
19:23:52 (UTC), respectively (Fig.  2). In this sec-
tion, we study the aftershocks spatial distribution 
with respect to co-seismic static stress changes 
released during the Mw 6.3 mainshock, as well as 
during the Mw 6.0  s major event and the Mw 5.5 
major aftershock that took place 1 and 9 days later.

The Coulomb failure stress changes (ΔCFS) 
for undrained rock conditions are given by the dif-
ference between the static shear stress changes 
(Δτ) and the product of the effective normal stress 
changes (Δσ) acting on the fault and the effective 
coefficient of friction (µf), as follows (e.g., Scholz 
2019):

Positive changes of ΔCFS advance failure, while 
negative changes of ΔCFS, the so-called stress shad-
ows, impede failure.

The effective coefficient of friction μf in Eq.  8 
intends to include the effects of pore-pressure changes 
(e.g., King et al. 1994). For an isotropic and homoge-
neous medium, �f = �(1 − B) , where μ is the coef-
ficient of friction and B the Skempton’s coefficient 
(0 < B < 1) that describes the pore-pressure changes 
caused by an externally applied stress and frequently 
takes values within the range of 0.5 to 0.9 (Cocco and 
Rice 2002). For the determination of the co-seismic 
static stress changes, we used a mean value for the 
coefficient of friction equal to μf = 0.4 that is approxi-
mately the friction value for major faults (Harris and 
Simpson 1998). We considered this value to be suffi-
cient for the calculations, as considerable differences 
from this value do not seem to substantially alter the 
distribution of ΔCFS surrounding a fault (King et al. 
1994).

To account for a realistic finite fault model for 
the major events, we considered the available focal 
mechanism solutions provided by various agen-
cies and also by Karakostas et al. (2021) and Ganas 
et  al. (2021). Our preferred models for the three 
earthquakes are listed in Table  3. For the Mw 6.3 
mainshock, we adopted the fault model of Karakos-
tas et al. (2021), while for the Mw 6.0 s major event 
and the Mw 5.5 aftershock we used the fault models 
as derived from the median values of moment tensor 
inversions reported by various international agen-
cies (Ganas et al. 2021). To determine the subsurface 
fault’s length and width, we further used the empiri-
cal relations of Wells and Coppersmith (1994) for 
each modelled earthquake (e.g., Lin and Stein 2004; 
Toda et  al. 2005). The calculations were performed 

(8)ΔCFS = Δ� − �fΔ�

Table 3   Focal parameters of the two main earthquakes and the major aftershock during the 2021 Northern Thessaly seismic 
sequence

* Source: Karakostas et al. (2021); ** median values as reported in Ganas et al. (2021); † SRL subsurface rupture length, RW down-
dip rupture width

Date Time (GMT) Depth (km) Mo (Nm) Mw Latitude Longitude Strike/Dip/
Rake1 (º)

SRL† (km) RW† (km)

3/3/2021 10:16:08 9.5 2.20E + 18 6.3 39.7349 22.1908 314/36/ − 88* 18.74 11.78
4/3/2021 18:38:18 11 1.30E + 18 6.0 39.78 22.12 298/36/ − 92** 11.97 8.49
12/3/2021 12:57:50 10 2.25E + 17 5.5 39.8281 22.0150 108/40/ − 108** 5.67 4.92
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at the depth of 9.5  km, which is the focal depth of 
the Mw 6.3 mainshock (Table 3). ΔCFS changes were 
calculated with the Coulomb3.3 software (Toda et al. 
2011) in an elastic half-space, assuming a uniform 
slip on the rupture planar surfaces that imposes an 
“ideal” stress redistribution around the seismic faults. 
For the shear modulus and Poisson’s ratio, we further 
assumed the values of 3.3 MPa and 0.25, respectively. 
The calculated ΔCFS changes for the preferred fault 
models were further examined in comparison to the 
spatial distribution of the relocated hypocenters of the 
sequence, as estimated by Karakostas et al. (2021) for 
the period March 03–April 04, 2021.

The calculated co-seismic ΔCFS changes pro-
duced by the Mw 6.3 mainshock at the centroid depth 
of 9.5 km are shown in Fig. 8. The spatial distribution 
of the static Coulomb stress changes reveals stress 
decrease towards NE and SW and stress loading up 
to 2 bars (0.2 MPa) towards NW and SE of the rup-
tured fault. Most aftershocks during the first day after 
the mainshock and up to the occurrence of the sec-
ond major event on March 4, shown as green circles 
in Fig.  8, are mainly distributed along the ruptured 
fault, but also along the NW and SE positive lobes, 
particularly at the two edges of the ruptured fault as 
the cross-sections also reveal (Fig.  8). In the NW-
positive lobe produced by the Mw 6.3 mainshock, 
the second major event of Mw 6.0 occurred one day 
later. Figure  9 shows the corresponding co-seismic 
ΔCFS changes produced by the Mw 6.0 event at the 
depth of 9.5 km. Stress loading up to 1 bar (0.1 MPa) 
appears, in this case, towards NW and SE of the rup-
tured fault. After the second major event and within 
45 min, a strong aftershock of M 5.1 occurred in the 
NW positive lobe. In the same area and within the 
NW positive lobe, another strong aftershock of Mw 
5.5 occurred on March 12, 2021, 8 days after the Mw 
6.0 event. The spatial distribution of the aftershocks 
after the Mw 6.0 event and up to the Mw 5.5 after-
shock, shown as green circles in Fig.  9, as well as 
the vertical cross-sections in Fig. 9, indicates that the 
aftershock activity propagates mainly along the sec-
ond ruptured fault and towards the positive stressed 
areas. In Fig. 10, we also show the calculated co-seis-
mic ΔCFS changes produced by the Mw 5.5 strong-
est aftershock. In this case, a SSW-dipping normal 
fault is activated, antithetic to the previous ones that 
ruptured during the two major events. Stress load-
ing up to 1  bar (0.1  MPa) appears after the Mw 5.5 

aftershock towards WNW and ESE of the ruptured 
fault (Fig. 10). Once more we observe that most after-
shocks that occurred after the Mw 5.5 event are dis-
tributed towards the positive stressed areas. The C-D 
vertical cross-section (Fig.  10), in particular, shows 
how aftershocks are aligned along the activated struc-
ture and the stress-loaded areas.

From the calculation of the co-seismic ΔCFS 
changes, we thus observe that most aftershocks, 
including those of greater magnitude, occurred within 
positive static stress changes produced by the two 
major earthquakes of March 3 and 4, respectively, 
and by the strongest aftershock of March 12, 2021. 
The latter implies that the spatial distribution of 
aftershocks, including those of greater magnitude, is 
controlled by the co-seismic Coulomb stress changes 
produced during the Mw 6.3 mainshock and the major 
events of the sequence.

5 � Discussion

The occurrence of significant earthquakes provides 
the opportunity to study their statistical properties 
and test existing and novel models for the evolution 
of aftershock sequences that follow the mainshock. In 
this study, a detailed statistical analysis of the 2021 
Northern Thessaly aftershock sequence was per-
formed to study the frequency–magnitude distribution 
and its temporal properties. The temporal decay of 
the aftershock production rate and the distribution of 
earthquake magnitudes, in particular, form the basic 
components of short-term probabilistic forecasting 
models that are routinely used to constrain the mag-
nitudes of the largest expected aftershocks and assess 
the associated hazard and risk (e.g., Reasenberg and 
Jones 1989; Omi et al. 2013; Shcherbakov 2021).

The statistical analysis has indicated that the 2021 
Northern Thessaly aftershock sequence exhibits scal-
ing in the distribution of earthquake magnitudes and 
in its temporal evolution. The frequency–magnitude 
distribution is well constrained with the G-R rela-
tion (Eq.  1), presenting the b-value of 0.90 ± 0.03, 
which is typical for tectonic earthquakes (Schorlem-
mer et  al. 2005) and almost identical to b = 0.91 for 
aftershock sequences in California (Reasenberg and 
Jones 1989). The b-value of the aftershock sequence 
is almost comparable to the longer-term value of 
b = 0.96 for Northern Thessaly (Vamvakaris et  al. 
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2016), but about ~ 20% less than the regional b-value 
during 2011–2020, a 10-years period prior to the 
2021 mainshock. As the b-value is a manifestation of 
the relative number of small to large earthquakes, the 
latter indicates the relative absence of larger magni-
tude earthquakes in the broader epicentral area dur-
ing the last decade prior to the 2021 mainshock. The 
much smaller value of b = 0.62 ± 0.04 that appears 
during the first hours after the Mw 6.3 mainshock 
(Fig.  5) indicates the systematic lack of small-mag-
nitude earthquakes, which can be attributed to missed 
events during the early post seismic period. In later 
times and after the installation of the local network 
on March 5th, more aftershocks are recorded, estab-
lishing the overall b-value of 0.90 ± 0.03 for the after-
shock sequence.

The temporal decay rate of aftershocks was mod-
elled with the modified Omori formula (Eq.  2), 
indicating that a composite model of three super-
imposed modified Omori regimes describes better 
the decay rate of aftershocks. This pattern of large 
aftershocks triggering their own sequences seems to 
be quite frequent in aftershock sequences in Greece 
(Drakatos and Latoussakis 1996). The estimated K 
parameters (Eq.  2) that describe the productivity of 
the sequence indicate that aftershock productivity 
was higher after the Mw 6.3 mainshock and gradu-
ally decreased after the Mw 6.0  second major event 
and the Mw 5.5 aftershock (Table 2). The parameter 
c represents a characteristic time that usually reflects 
the incompleteness of the recorded events immedi-
ately after the mainshock (Kisslinger and Jones 1991; 
Kagan 2004). If such the case, then the reduced c 
parameters that are estimated after the Mw 6.0 event 
and the Mw 5.5 aftershock (Table  2) could manifest 
the increased ability of the network to detect small-
magnitude earthquakes, following the installation 
of the local network on March 5th. The p-value also 
shows a decrease from 1.11 ± 0.21, after the Mw 6.3 
mainshock, to 0.70 ± 0.06 and 0.81 ± 0.04, after the 
occurrence of the second major event and the Mw 
5.5 aftershock, respectively, indicating a systematic 
decrease of the decay rate of aftershocks with time. 
A similar decrease in the estimated p-values has also 
been observed after the second major event during the 
2010 Efpalio earthquake sequence that occurred in 
the western Corinth Rift, Greece (Michas 2016). Dur-
ing the 2016 Kumamoto, Japan, and 2019 Ridgecrest, 
USA, aftershock sequences, however, that both 

presented pronounced foreshock sequences triggered 
by strong foreshocks of magnitudes M 6.5 and M 6.4, 
followed by mainshocks of magnitudes M 7.3 and M 
7.1, respectively, both of strike-slip mechanisms, the 
p-values were smaller during the foreshock period 
that preceded the mainshocks than the aftershock 
sequences that followed them (Nanjo et  al. 2019; 
Shcherbakov 2021). Such changes might be related to 
changes in the stress field that preceded and followed 
the mainshocks (Nanjo et al. 2019).

Furthermore, the analysis regarding the co-seis-
mic Coulomb stress changes that followed the major 
events of the sequence showed a strong spatial cor-
relation between stress-loaded areas and the spa-
tial distribution of aftershocks. In the following, we 
investigate an additional physical mechanism for the 
spatiotemporal evolution of the aftershock sequence, 
based on afterslip propagation along the ruptured 
fault. Initially, we apply principal component analysis 
to the spatial distribution of the epicenters to define 
the geometry and the growth patterns of the after-
shocks zone. Then, we study the expansion of the 
aftershock zone in terms of rate strengthening rheol-
ogy that governs the evolution of the afterslip process.

5.1 � Spatial distribution of aftershocks

5.1.1 � Aftershocks focal zone growth

To quantify the focal zone size of the aftershock 
sequence and its temporal evolution, we perform the 
statistical method of principal component analysis 
(PCA). PCA is an efficient technique of multivariate 
analysis that is widely used to find patterns in large 
datasets and to reduce their dimensionality (Jolliffe 
2002; Jackson 2003). Herein, we use PCA to quantify 
the geometry of the aftershocks’ spatial distribution. 
We restrict the analysis to 2D and the aftershock epi-
centers, as in the AUTH earthquake catalogue that is 
used the depths are less well constrained. The coor-
dinates of the aftershock epicenters are diagonalized 
to estimate the eigenvalues and eigenvectors of the 
covariance matrix that define the axes of an ellipse 
that includes at least 95% of all aftershocks. We fix 
the origin time to the Mw 6.3 mainshock and perform 
the analysis in increasing time windows to calculate 
the temporal changes in the area and semiaxis lengths 
of the best fitting ellipse. The (0,0) origin is set in 
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each time window at the mean location of the after-
shocks cloud.

After the surpass of 80  days following the Mw 
6.3 mainshock, the activated zone, as approximated 
by the best fit ellipse, occupies an area of 653.5 
km2 (Fig. 11). The lengths of the 1st and 2nd princi-
pal semiaxes are ~ 28  km and ~ 7.5  km, respectively. 
The direction of the 1st principal semiaxis that points 
towards the maximum spatial variance is N121.5° E 
(Fig.  11), in close agreement with the focal mecha-
nisms of the two major events (Fig. 2), the NW–SE 
regional tectonic setting (Fig. 1) and the positive co-
seismic Coulomb stress changes (Figs. 8 and 9). The 
results of the analysis regarding the temporal changes 
in the area and the semiaxis lengths of the ellip-
ses that best fit the aftershocks cloud are shown in 
Fig.  12, in successive time windows that increase 
by one day. The activated area and the length of the 
1st principal semiaxis are growing constantly dur-
ing the first 10 days after the mainshock and remain 
almost constant thereafter. A great fraction, reach-
ing ~ 80% of the total area, was seismically activated 
immediately after the mainshock and during the first 
day, while during the second day, the activated zone 
reached ~ 90% of the total area (Fig. 12). The length 
of the 2nd principal semiaxis reached its maximum 
during the first day and remained constant throughout 

the aftershock sequence. The previous observations 
indicate that postseismic deformation following the 
Mw 6.3 mainshock can well be described by only the 
1st principal component in PCA, in agreement with 
the results of previous studies (Savage and Svarc 
1997; Perfettini et  al. 2010; Perfettini and Avouac 
2014; Gualandi et al. 2016).

5.1.2 � Scaling of the aftershocks focal zone with time

In the previous section, we discussed the expansion 
of the aftershocks focal zone with time, particu-
larly during the first ten days following the main-
shock. Such migration patterns of aftershocks with 
time are frequently, albeit not universally, observed 
(Tajima and Kanamori 1985; Henry and Das 2001; 
Helmstetter et al. 2003). It has widely been reported 
that the observed migration pattern of aftershocks 
scales as the logarithm of time (Peng and Zhao 
2009; Obana et  al. 2014; Tang et  al. 2014; Frank 
et  al. 2017; Perfettini et  al. 2018; Vallianatos and 
Pavlou 2021). This semilogarithmic migration pat-
tern implies that aftershocks are driven by afterslip, 
as suggested by numerical simulations (Ariyoshi 
et al. 2007; Kato 2007), and observed in real cases 
(Peng and Zhao 2009; Perfettini et  al. 2018). Per-
fettini et  al. (2018) have recently introduced a 

Fig. 11   Spatial distribution 
of the aftershock sequence 
in km (grey circles), 
centered to the mean loca-
tion of the earthquakes’ 
epicenters. The principal 
components derived with 
PCA define the principal 
axes of an ellipse (solid 
line) that includes at least 
95% of all aftershocks. The 
arrows point to the direction 
of the principal semiaxes of 
the ellipse
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numerical model that incorporates aftershocks 
nucleation as the outcome of afterslip propaga-
tion along the fault, to predict the aftershocks zone 
expansion. The model initially considers that asper-
ities on a fault are stressed during the inter-seismic 
phase by regional creep occurring at a steady defor-
mation rate. Some asperities slip co-seismically 
as the mainshock occurs, transferring large posi-
tive Coulomb stresses to the surrounding creeping 
regions. These stress-loaded regions accommodate 
large amounts of afterslip during the post-seismic 
phase. When a critical level of afterslip is reached, 
aftershocks are triggered along the fault. The model 
further assumes that co-seismic static stress changes 
trigger aftershocks only during the early post-seis-
mic phase so that the larger fraction of aftershocks 
is driven by afterslip.

In the model introduced by Perfettini et  al. 
(2018), aftershocks are thus produced by after-
slip loading the asperities (see also Perfettini and 
Avouac 2004). Following Perfettini et  al. (2018), 
the seismicity rate R(t) may then be proportional to 
the rate of afterslip V(t) in the same area, given by:

where V+ is the sliding velocity just after the end of 
co-seismic rupture, VL the long-term loading velocity 
after the mainshock, and tr the duration of the post-
seismic phase. Following the previous assumption, 
the seismicity rate R(t) is then given by:

with R+ and RL being the seismicity just after the 
end of co-seismic rupture and the long-term seis-
micity rate after the mainshock, respectively. The 
parameters tr and R+ are given by tr = A∕𝜏̇ and 
R+ = RLexp(ΔCFS∕A) , where 𝜏̇ is the stressing rate, 
ΔCFS the co-seismic Coulomb stress change induced 
by the mainshock and A�

= (a − b)� , with a and 
b the rate and state frictional parameters and σ the 

(9)V(t) =

V+exp
(
t
/
tr

)

1 +
(

V+

VL

)[
exp

(
t
/
tr

)
− 1

]

(10)R(t) =

R+exp
(
t
/
tr

)
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(
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Fig. 12   Temporal evolution (in days) of the aftershocks 
area (solid line; left y-axis) following the Mw 6.3 mainshock, 
defined by an ellipse that includes at least 95% of all after-
shocks. The temporal evolution in semiaxis lengths of the 

ellipse is shown with the dashed lines (right y-axis). Verti-
cal dashed lines mark the time of occurrence of the strongest 
earthquakes following the mainshock
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effective normal stress. The latter equation (Eq. 10), 
for t∕tr ≪ 1 , yields a 1∕t decay for R(t) (Perfettini and 
Avouac 2004), consistent with the modified Omori 
formula (Eq. 2) with p = 1.

For modelling aftershock migration using the pre-
vious assumptions, a fault with only depth varying 
normal stress, stressing rate, and rheological param-
eter Α΄ is considered. Aftershocks migrate along the 
strike direction x, assuming that the initial Coulomb 
stress field varies with x, forming the initial distribu-
tion of afterslip velocities. Focusing on the early stage 
of the post-seismic phase that typically lasts several 
weeks or months after the mainshock ( t∕tr ≪ 1 ), the 
propagation velocity Vp of the aftershocks zone is 
given by (Perfettini et al. 2018):

The latter equation predicts that Vp decays as 1∕t . 
The expansion of the aftershocks zone La between 
time ti and t (t > ti) is now given by:

(11)Vp =
A

�

t
×
(
−
�ΔCFS

�x

)−1

(12)

ΔLa(t) = La(t) − La
(
ti
)
= A

�

×
(
−
�ΔCFS

�x

)−1

ln

(
t

ti

)

which predicts an expansion of the aftershocks zone 
as the logarithm of time. For a smooth co-seismic 
Coulomb stress field, the latter equation implies the 
slow migration of the aftershocks zone.

Since the estimated co-seismic Coulomb stress 
field ΔCFS (Eq.  8) can be significantly different 
from the “real” one, Perfettini et al. (2018) suggested 
a mean Coulomb stress gradient to be used. In this 
case, Eq. 12 becomes:

where lc is the radius of the co-seismic rupture, Δσ 
the mean value of the mean co-seismic stress drop, 
and ζ a constant. For an idealized Coulomb stress 
field (Dieterich 1994), ζ takes the value of 2.77 (Per-
fettini et al. 2018).

In Fig.  13, we show the mean expansion of the 
aftershocks zone La with time for the 2021 North-
ern Thessaly aftershock sequence (M ≥ Mc), along 
the strike direction defined by the 1st principal com-
ponent derived with PCA (see the previous section). 
As in Fig. 12, the expansion of the aftershocks zone 
becomes apparent, particularly during the first ten 
days following the mainshock. An acceleration in 

(13)⟨ΔL
a(t)⟩ = A

�

× ⟨
�
−
�ΔCFS

�x

�−1

⟩ln
�

t

t
i

�
= �A

� l
c

Δ�
ln

�
t

t1

�

Fig. 13   The mean distance (in km) of aftershocks from the Mw 6.3 mainshock with time (open circles), along the 1st principal com-
ponent derived with PCA. The dashed line represents the logarithmic growth of the aftershocks zone
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expansion speed, signified by the step-like behavior 
in Fig. 13, also becomes evident after the occurrence 
of the second major event of Mw 6.0 and the largest 
aftershock of Mw 5.5, 1.35, and 9.11  days after the 
mainshock, respectively. The afterslip front, shown 
as a function of the logarithm of time according to 
Eq. 13, matches well the mean expansion of the after-
shocks zone (R2 = 0.96), particularly during the first 
10 days after the mainshock (Fig. 13).

In addition, if sa is the slope of the afterslip front 
shown in Fig.  13, then from Eq.  13, we get 
sa =

d⟨La(t)⟩
dlnt

= �A
� lc

Δ�
 . From the latter equation, the 

rheological parameter Α΄ can be determined, once 
rough estimates of the mean co-seismic stress drop 
Δσ and the radius of the co-seismic rupture lc are 
known. For a simple model of circular rupture, the 
co-seismic source radius lc can approximately be 
determined as lc =

(
7

2

Mo

Δ�

)1∕3

 (Eq.  4.16 of Scholz 
2019). Taking the mainshock’s seismic moment 
Mo = 2.20·1018 Nm (Table  3) and the average stress 
drop of Δσ = 5.5 ± 1.5  MPa for normal fault earth-
quakes in Greece (Margaris and Hatzidimitriou 
2002), we estimate the value of lc≈11.2  km for the 
co-seismic rupture. Eventually, for ζ = 2.77, the rheo-
logical parameter Α΄ takes the value of Α΄≈0.29 MPa, 
while for ζ = 1, Α΄≈0.8  MPa, which are within the 
range 0.1 – 1 MPa of Α΄ values that are usually found 
(Perfettini et al. 2010). Perfettini and Avouac (2007) 
estimated Α΄≈0.5 MPa for the 1992 Mw 7.3 Landers 
earthquake, while a similar Α΄ value was proposed by 
Perfettini et  al. (2018) for the 2011 Mw 9.0 Tohoku 
earthquake. On the other hand, Vallianatos and Pav-
lou (2021) estimated Α΄≈0.041 MPa for the 2020 Mw 
7.0 Samos earthquake, similar to Α΄ = 4 × 10–2  MPa 
found by Frank et al. (2017) for the Central Chile sub-
duction zone.

6 � Conclusions

In this work, we studied the scaling properties and the 
triggering mechanisms of the 2021 Northern Thes-
saly aftershock sequence that followed the recent Mw 
6.3 strong shallow earthquake. During the first days 
after the mainshock, a second Mw 6.0 strong event 
and numerous aftershocks were generated, with some 
exceeding Mw 5.0. Aftershocks propagated along 
a NW–SE direction, consistent with the regional 

tectonic setting and the focal mechanisms of the 
major events. The aftershock sequence exhibits scal-
ing properties consistent with well-known empirical 
relationships for aftershocks. In particular, the fre-
quency of aftershock magnitudes follows the Guten-
berg-Richter scaling law for a b-value of 0.90 ± 0.03. 
The aftershocks production rate decays as a power-
law with time according to a composite model of 
three Omori regimes, which signify the generation 
of secondary aftershock sequences due to the occur-
rence of strong events within the same sequence. The 
waiting times between the successive aftershocks also 
presents scaling and a decay pattern according to a 
crossover behavior between two power-law regimes 
for short and long waiting times, respectively. This 
bimodal scaling behavior can well be approximated 
with the q-generalized gamma distribution, signify-
ing clustering effects and correlations between after-
shocks at all time scales.

In addition, we studied postseismic relaxation as 
expressed by the spatial distribution of aftershocks. 
The analysis of the aftershocks’ epicenters with PCA 
shows that postseismic activity can be described with 
an ellipse and by only the 1st principal component 
that strikes at N121.5° E and presents the semi-axis 
length of ~ 28 km. The aftershocks focal zone grows 
constantly during the first ten days after the main-
shock and then remains almost constant, occupying a 
total area of ~ 653.5 km2. The spatial distribution of 
aftershocks, including those of greater magnitude, 
spreads along stress-enhanced areas, indicating that 
co-seismic static stress changes produced by the Mw 
6.3 mainshock and the Mw 6.0 second major event are 
the driving mechanism of the aftershock sequence. 
However, the logarithmic migration of aftershocks 
with time along the principal direction of their spatial 
distribution, demonstrates that aftershocks may well 
be driven by afterslip following the main rupture. In 
terms of rate strengthening rheology that governs the 
evolution of the afterslip process, the latter provides 
a rough estimate of the fault’s rheological parameter 
Α΄≈0.29 MPa.

Overall, the results presented herein shed light on 
the self-similar nature of the aftershock generation 
process during the 2021 Northern Thessaly after-
shock sequence, governed by power-laws in the dis-
tributions of seismic energy release and the tempo-
ral occurrence of aftershocks. In the spatial domain, 
aftershocks migrate mainly along fault strikes during 
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the early phase of post-seismic relaxation, as a com-
bined effect of co-seismic stress changes and afterslip 
following the mainshock. Such properties and the 
derived parameters can be used to constrain models 
of aftershock occurrence, to assess seismic hazard, 
and to mitigate the associated risk.
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