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Abstract

The area of Damasi – Tyrnavos (Thessaly, Central Greece), in the vicinity of Larissa, was characterized 
by low seismic activity during the last decades. Two strong earthquakes of Mw = 6.3 and Mw = 6.0 
occurred in early March 2021, followed by an intense aftershock sequence, related to WNW-ESE to 
NW-SE oriented faulting. This sequence was recorded by a dense local seismological network that 
provided a rich dataset and a unique opportunity to investigate upper crust shear-wave splitting for 
the first time in the study area. A fully automated technique, employing the eigenvalues method and 
cluster analysis, was implemented to measure the fast shear-wave polarization direction and the 
time-delay between the two split-shear-waves. This procedure yielded 655 results of adequate quality 
grade at 9 stations, after analyzing 1602 events and applying strict selection criteria, including the 
shear-wave window. The measured directions revealed a complex upper crust anisotropic regime. 
Anisotropy directions at stations installed at the northern and eastern parts of the study area strike 
WNW-ESE to NW-SE, in accordance both with the APE model, being parallel to the local 𝜎Hmax 
direction, and the strike of the fault planes. On the other hand, stations at the central part exhibit 
NNW-SSE and NNE-SSW anisotropy directions. An interesting feature is that the two northern 
stations are characterized by larger normalized time-delay values, possibly related to the migration 
of seismicity to the north during the initial stage of the seismic sequence.
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1. Introduction

Over half a century has passed since the recognition of seismic anisotropy as a phenomenon that occurs in
the Earth’s interior [Hess, 1964]. It is described by the variation of seismic velocity at different propagation or 
polarization directions. The latter is associated with the occurrence of Shear-wave Splitting (SwS). At the source, the 
shear-wave starts off with the same propagation velocity at all directions. When it enters an anisotropic medium, 
it splits in two separate shear waves. The Sfast, travelling at a higher speed and polarized according to the main 
anisotropic feature, and the Sslow, polarized orthogonally and traversing the medium with a lower velocity. Two 
important quantities are commonly used to represent SwS; (a) the polarization direction of the Sfast (𝜑) and (b) the 
time-delay between the arrival (or propagation) times of the Sfast and the Sslow waves (𝑑𝑡). As the waveforms are 
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recorded at a station, the difference in the propagation velocity of the two shear-waves results in an increasing 
𝑑𝑡 as the ray path travelled through the anisotropic medium increases. To account for this effect, 𝑑𝑡 is commonly 
normalized by the hypocentral distance, called normalized time-delay (𝑑𝑡𝑛).

The SwS phenomenon is commonly attributed to fabric-related properties of rocks, such as the orientation 
of olivine crystals in the upper mantle [Ismaïl and Mainprice, 1998; Tommasi et al., 1999; Evangelidis, 2017; 
Kaviris et al., 2018a]. In the upper crust, one of the primary causes of anisotropy is the existence of fluid-filled 
microcracks, whose long axes are aligned according to the maximum horizontal compressive stress component 
𝜎Hmax [Crampin and Zatsepin, 1997; Zatsepin and Crampin, 1997]. The cracks gradually close in this direction 
under the effect of stress and their aspect ratio is inverted. Thus, values of 𝜑 are rotated by 90°, when such a flip 
occurs. Moreover, as stress accumulates and the microcracks expand, the time-delay values also increase, up to the 
critical point of coalescence (the latter accompanied by a sharp decrease in 𝑑𝑡). The above processes are described 
by the Anisotropic Poro-Elasticity (APE) model. Its applicability and implications have been discussed in numerous 
papers [e.g., Crampin et al., 2013; Kaviris et al., 2015, 2017; Nolte et al., 2017; Crampin and Gao, 2018]. The 
most important consequence of APE concerns the coalescence stage, which, according to the theory of dilatancy, 
represents the preparation that precedes an earthquake. Hence, if coalescence could be monitored and identified, 
we would be able to evaluate the occurrence of an impending major seismic event. Indeed, Crampin et al. [1999] 
achieved such a “stress-forecast” a couple of weeks before the occurrence of an M = 5.0 event in Iceland – although 
statistical scrutiny of their forecast did not confirm or reject the hypothesis [Seher and Main, 2004]. APE and its 
earthquake predicting capabilities have been extensively discussed in the literature, with observations being made 
in hindsight [Crampin, 2001; Gao and Crampin, 2006; Crampin et al., 2008, 2015; Polat et al., 2012; Kaviris et al., 
2018b]. Anisotropy could also be attributed to the existence of local structures which lead to microcrack orientations 
different than the one of the regional stress field [Kaneshima et al., 1988; Kaneshima, 1990]. Structurally-controlled 
anisotropy has been identified in various cases, with 𝜑 differing from the orientation of 𝜎Hmax and being aligned 
to local structures [Zinke and Zoback, 2000; Balfour et al., 2005; Boness and Zoback, 2006; Li et al., 2014; Li and 
Peng, 2017; Pastori et al., 2019; Kaviris et al., 2021]. It is evident that in areas where tectonic structures and 𝜎Hmax 
align, it is difficult to distinguish between stress-induced and structurally-controlled anisotropy. This could limit 
the potential of SwS as a stress-monitoring and, therefore, earthquake forecasting tool.

Larissa city and Tyrnavos town are located in Thessaly, Greece. Thessaly has suffered several damaging and 
destructive events [Ambraseys and Jackson, 1990; Papadimitriou and Karakostas, 2003; Papazachos and Papazachou, 
2003; Stucchi et al., 2013]. Nonetheless, the majority has occurred away from Larissa and Tyrnavos. Caputo and 
Helly [2005] present a series of evidence from paleoseismic, archaeological and historical proof for strong and 
destructive earthquakes in the area. They mention three additional strong events at Larissa (7th to 15th century BCE, 
1731 and 1941 CE), as well as one near the present-day location of Tyrnavos, which occurred 5.3 to 6.9 ka BCE, with 
an estimated magnitude between 6.0 and 6.5. Moreover, they mention that the area is dominated by ESE-WNW-
trending normal dip-slip faults of lengths over 10 km [Caputo et al., 2004].

During the recent decades of network densification (after the 1980s), the region around Larissa and Tyrnavos did 
not host any intense seismic sequences [Makropoulos et al., 2012]. In March 2021, this situation changed. A strong 
Mw = 6.3 earthquake occurred on March 3rd, 2021, and was followed by another strong Mw = 6.0 event (Figure 1) 
on March 4th, 2021 [Karakostas et al., 2021; Koukouvelas et al., 2021; Lekkas et al., 2021; Mavroulis et al., 2021; 
Papadopoulos et al., 2021; Kassaras et al., 2022; Michas et al., 2022]. The mainshock and its aftershocks caused 
observable ground deformations [De Novellis et al., 2021; Tolomei et al., 2021; Song et al., 2022; Yang et al., 2022] 
and thermal anomalies [Kouli et al., 2021]. The direction of extension determined for the 2021 sequence was reported 
to be different than the known stress regime in the area [Galanakis et al., 2021; Lazos et al., 2021]. Swiftly organized 
campaigns by the Aristotle University of Thessaloniki (AUTH) and the University of Patras (UPAT) installed sensors 
at 10 sites to monitor the area. The rich aftershock sequence (over 3500 earthquakes) revealed the activation of 
WNW-ESE to NW-SE structures. This orientation is also imprinted in other characteristics of the sequence; the 
extension of epicenters along a well-defined 50 km-long NW-SE area (Figure 1), in patches loaded by the occurrence 
of the larger events [Kassaras et al., 2022]. Even though surficial phenomena (e.g., liquefactions and soil fissures) 
were observed [Valkaniotis et al. 2021; Papathanassiou et al., 2022], the earthquakes have been attributed to a blind 
fault [Chatzipetros et al., 2021; Pavlides and Sboras, 2021]. The wealth of data sparked new interest in the area, 
with several aspects of the sequence having been studied, such as accelerating deformation seismicity patterns 
[Chatzopoulos, 2021] and earthquake early warning [Spingos et al., 2021].
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In the framework of the present work, an upper crust seismic anisotropy study was conducted for the first time in 
Thessaly, at the Damasi – Tyrnavos area, where the intense 2021 seismic sequence occurred. The utilized data were 
recorded by stations belonging to the Hellenic Unified Seismic Network (HUSN) and, mainly, by temporary stations 
installed to monitor the sequence. Shear-wave splitting results were obtained using a fully automated method 
through the Pytheas software (Spingos et al., 2020). Temporal variations of the time-delays were also examined, to 
investigate any possible relation with occurrences of significant events.

Figure 1.  Seismotectonic map of the March 2021 sequence in Thessaly. Epicenters (circles) form a roughly NW-SE-oriented 
aftershock area. The largest events (M ≥ 5.0) are shown (stars). Earthquake symbols are color-coded according 
to their respective focal depth. The sequence was closely monitored by permanent and temporary seismographs 
(triangles), an accelerometer (inverted triangle) and sites equipped with both types of sensors (diamonds). 
Beachballs for focal mechanisms of the two largest events are also shown, adopted from Ganas et al. [2021] and 
Kassaras et al. [2022]. Tyrnavos and Larissa are depicted as squares. Faults (black lines) are from the NOAfaults 
v4.0 database [Ganas et al., 2017; Ganas, 2022].

2. Data Selection and Shear-wave Splitting Processing

A total of 1630 earthquake locations were acquired from the manually revised bulletin of the Seismological 
Laboratory of the National and Kapodistrian University of Athens (SL-NKUA). The catalog starts from June 2018 
(the beginning of the publicly available bulletin) and lasts until July 2021. Given that the strong earthquakes of the 
sequence occurred in March, the selected duration covers about five (5) months of activity. Moreover, only events 
with magnitudes ML ≥ 2.0 were included. Lowering the threshold to include all detected events (minimum ML 
of 0.2) would lead to a catalog of 3971 earthquakes, for the same area and time period. The selected sample of over 
1500 locations is more than adequate to investigate the state of splitting in Thessaly, as processing events with 
clearer and more impulsive shear-wave arrivals due to their higher energy content was assured. The final catalog 
has an average Root Mean Square (RMS) origin error of 0.52 s, with average spatial uncertainties corresponding to 
1.3 km and 1.4 km, for the horizontal and vertical planes, respectively. Depths of the vast majority of the events are 
constrained to the uppermost 10 km of the crust, with the mean being 6.2 km. The average magnitude (excluding 
the two main events) is 2.4.
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Waveform data were acquired from the European Integrated Data Archive (EIDA) node at GI-NOA [Evangelidis  
et al., 2021]. Before the 2021 seismic crisis, the Larissa – Damasi – Tyrnavos area was locally monitored by three 
permanent seismological stations, belonging to the Geodynamic Institute of the National Observatory of Athens 
(GI-NOA) (HL; https://doi.org/10.7914/SN/HL) [National Observatory Of Athens, Institute of Geodynamics, 1997] 
and AUTH (HT; https://doi.org/10.7914/SN/HT) [Aristotle University of Thessaloniki Seismological Network, 1981]; 
seismometers at Larissa (HL.LRSO) and Tyrnavos (HT.TYRN) and an accelerometer in the outskirts of Larissa (HL.
GINA). After the occurrence of the first strong event of March, AUTH installed seven temporary broadband sensors 
and the University of Patras (HP; https://doi.org/10.7914/SN/HP) [University of Patras, Geology Department, 2000] 
two additional ones. All data streams were set at a sampling rate of 100 samples/sec. From that point on, the 
aftershock sequence was being closely monitored. Data and metadata retrieval, as well as preprocessing (removal 
of signal trend and mean) were performed with ObsPy [Krischer et al., 2015; Beyreuther et al., 2010]. Concerning 
phase arrivals, the manually determined ones were acquired from the bulletin of SL-NKUA.

The shear-wave window criterion was applied to avoid recordings of direct and secondary shear-wave co-arrivals, 
which could lead to erroneous identification or measurement of the SwS parameters. This window refers to rays 
within a range of angles of incidence (starting from vertical 0°), ih, which is commonly used in shear-wave splitting 

studies. The upper limit of this window was initially proposed as , considering the P‑ (Vp) and S‑ (Vs) 

velocities at the uppermost layer (Evans, 1984) and typically having values of ~35°. Nevertheless, it was later shown 
that for curved wavefronts, a thin surficial layer of low velocity (e.g. comprised of sediments) can distort the ray 
path towards the vertical plane and permits a wider shear-wave window of 45°. This increase enables the extension 
of the dataset. In the Damasi – Tyrnavos case, the formulation of Evans [1984] yielded a maximum incidence 
angle of 35.4°, derived from a Vp/Vs of 1.73 for the topmost layer [Kassaras et al., 2022]. Ray paths for all arrivals 
included in the catalog of SL-NKUA were calculated with TauP [Crotwell et al., 1999] and the 1-D velocity model 
of Kassaras et al. [2022]. A total of 2705 initial S-arrivals were found within the extended shear-wave window, with 
only 30 emerging at angles between 35° and 45°. It is noted that in today’s landscape of large datasets, discarding 
potentially unsuitable event-station pairs saves valuable processing resources and time. Finally, the application of 
the shear-wave window criterion reduced the number of suitable events to 891.

Shear-wave splitting analysis was conducted using the Pytheas software (Spingos et al., 2020). This suite offers 
multiple options for analysis, including manual evaluation through polarigrams and particle motion diagrams 
[Bernard and Zollo, 1989; Papadimitriou et al., 1999; Kaviris, 2003; Kaviris et al., 2017, 2018c], semi-automatic 
processing [Bowman and Ando, 1987; Silver and Chan, 1991] and fully automated procedures [Teanby et al., 2004; 
Savage et al., 2010]. In the present study, the method of Eigenvalues (EV) automated with the aid of Cluster 
Analysis (CA) was preferred [Silver and Chan, 1991; Teanby et al., 2004]. First, the program performs a check for 
each event-station pair. If it does not meet two fundamental conditions – i.e., having an angle of incidence less than 
or equal to 45° and a Signal-to-Noise Ratio (SNR) of at least 1.5 – it is skipped. The first condition was true for all 
pairs in the final catalog, given that this check was performed in the preparation stage, as mentioned previously. 
To remove noise from the signal, a bandpass filter was applied. However, instead of predefining a single bandwidth, 
various trial corner frequencies were tested to find the one that provides the clearest signal [Savage et al., 2010]. 
Next, Pytheas grossly estimates the frequency of shear-waves in a predefined time window around their catalog-
provided arrival-time.

After taking these preparatory steps, the software defines a range of time windows around the arrival, considering 
the S-P arrival time difference (for the furthest window beginning) and the evaluated shear-wave period (for 
the furthest window ending). For each signal window, the EV method of Silver and Chan [1991] is applied. For 
a combination of trial 𝜑 and 𝑑𝑡 pairs (ranging from N0°E to N179°E and from 0.0 to 300.0 ms, respectively), the 
following procedure is used. First, horizontal waveforms are rotated according to the trial 𝜑 value (i.e., rotated to a 
co-ordinate system defined by the fast and slow shear-wave polarizations). The component now corresponding to 
the slow arrival is temporally shifted by the trial 𝑑𝑡 value towards the arrival of the Sfast. Then, the waveforms are 
rotated back to their initial axial system. The covariance matrix of the two horizontal components is calculated and 
its second (minimum) eigenvalue (𝜆2) is obtained. It is noted that the initial axial system of the waveforms is the 
one defined by the ray path. According to Silver and Chan [1991], in the absence of anisotropy and noise, the shear-
wave energy should be null for SKS phases in the transverse component. Nevertheless, in real-world conditions it is 
impossible to completely remove noise or the splitting effect. Therefore, out of an array of 𝜑 and 𝑑𝑡 combinations, 
the minimum 𝜆2 should correspond to the pair that best removes anisotropy. The original proposal of Silver and 

https://doi.org/10.7914/SN/HL
https://doi.org/10.7914/SN/HT
https://doi.org/10.7914/SN/HP
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Chan (1991) contained a statistical framework for estimating the uncertainties of the two splitting parameters. 
However, Walsh et al. [2013] found that the initial formulations could underestimate the errors and proposed new 
ones. Pytheas incorporates the latter.

As described above, the software yields a set of splitting parameters for each candidate signal window, forming 
a space described by 𝜑 and 𝑑𝑡. Teanby et al. [2004] proposed an automatic solution to search for the stabler 
splitting measurement by forming clusters. Pytheas adopts this scheme. Thus, after EV is performed in all windows, 
observations are cumulatively hierarchically clustered and the number of clusters is automatically selected. The 
measurement with the smallest error from the most constrained cluster is considered as the final result, yielding 
the values of 𝜑 and 𝑑𝑡 for each event-station pair.

Moreover, the automatic grading solution of the software was used. In the above procedure, the cross-correlation 
coefficient between the waveforms in the fast-slow and north-east axial systems is obtained, after correcting 
for anisotropy. This aims to imitate human visual inspection. If splitting is removed, shear-waves should arrive 
simultaneously in both horizontal components and have a strong positive or negative correlation. These two 
coefficients are co-evaluated with the 𝜑 and 𝑑𝑡 uncertainties to offer a score for each measurement. Then, the score 

Figure 2.  Processing example for an event-station pair graded “A”. Panel (a) showcases the results of the clustering 
algorithm, with the initial observation space (top), the formed clusters (middle left) and the selected cluster 
(middle right) and the variation of both 𝜑 (bottom left) and 𝑑𝑡 (bottom right) with the signal window. Panel (b) 
shows the EV measurement in the optimal signal window. The waveforms of the horizontal channels (top left) and 
corresponding particle motion diagrams (bottom left), as well as the contour plot of 𝜆2 (right) are demonstrated. 
The bold black contour denotes the 95% confidence interval and the crosshairs indicate the selected solution.
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is classified to a quantitative grade (with “A” being best and “E” worst), according to user-defined limits. Finally, 
observations with similar 𝜑 and shear-wave polarizations (fast or slow) after the splitting correction (p) i.e., when 
the wave propagates through an isotropic medium or if the initial polarization coincides with either the fast or the 
slow axis, are considered to be null measurements (Wüstefeld and Bokelmann, 2007) and are discarded.

The example in Figure 2 showcases a summary of the processing scheme. It concerns an earthquake that 
occurred on 2021-03-11T18:19:29.730 UTC with a magnitude of ML = 2.5 and a depth of 2.3 km. The epicenter was 
located at a distance of 6.2 km from station HT.TYR5, one of the temporary broadband stations installed by AUTH, 
at a backazimuth of N201°E. The ray was estimated to leave the source at a takeoff angle of 87° and emerge at the 
surface 36° from the vertical plane. This example denotes the importance of adopting a wider shear-wave window, 
when conditions permit it. Even though the ray has an angle of incidence just above the calculated 35° window, 
it would have been de facto rejected if the window was not extended to 45°. As seen in Figure 2a, 70 signal windows 
were considered. However, measurements are rather stable and, visually, one cluster can be identified, which is also 
confirmed by the algorithm. According to Figure 2a, 67 of the measurements indicate a 𝜑 value around N100°E and 
𝑑𝑡 around 130 ms. It is noted that no other clusters were identified because the software has been parameterized 
to only form clusters with over 5 samples. In Figure 2b, the EV measurement over the selected signal window is 
shown. The window correctly includes the first shear-wave arrivals on both horizontal components. The corrected 
waveforms showcase the high similarity of shear-wave arrivals, which can now be considered simultaneous. The 
polarization direction of the Sfast was found to be N102°E and the time-delay was equal to 130 ms. The polarization 
of the corrected shear-wave was N50°E, neither parallel nor perpendicular to 𝜑, meaning that it is not a null 
observation. The small errors (~2° for 𝜑 and ~0.5 ms for 𝑑𝑡) and the high cross-correlation coefficients for the 
corrected waveforms (0.97 for both the fast-slow and north-east axial systems) led the grading algorithm to assign 
a grade of “A”.

3. Results

The processing scheme produced 1668 splitting observations, out of which 1006 were graded as “E”, 7 as “D”, 132 
as “C”, 375 as “B” and 148 as “A”. These results were obtained for 9 stations. After considering only the ones graded 
“A”, “B” or “C” as suitable, the final dataset comprised 655 parameter pairs. Results are summarized in Table 1. The 
average direction of the fast polarization direction and its error were calculated with circular statistics [Berens, 
2009]. The time-delay normalized per the hypocentral distance (𝑑𝑡𝑛) is also presented. Individual errors for 𝑑𝑡𝑛 were 
obtained using the formula proposed by del Pezzo et al. [2004].

Station 
Code N (N°E) (°) (ms) (ms) (ms/km) (ms/km)

All 655 131.5 0.5 89 2 8.3 0.2

HP.KANL 83 88.1 5.7 99 5 10.3 0.7

HP.VRKS 69 105.8 4.7 79 5 7.3 0.5

HT.TYR1 82 8.6 1.0 85 6 7.5 0.6

HT.TYR2A 17 119.8 24.6 95 13 7.1 1.2

HT.TYR3 62 25.6 1.0 80 9 7.2 0.7

HT.TYR4 93 130.2 1.0 72 5 7.1 0.5

HT.TYR5 85 103.8 23.1 116 6 11.2 0.7

HT.TYR6 69 168.0 0.7 94 7 7.4 0.6

HT.TYRN 95 160.6 0.9 84 7 7.8 0.7

Table 1.  Average splitting parameters for all stations and per station, with their respective standard error of the mean (δ), 
along with the respective number of observations (N).



SwS perspectives from Damasi – Tyrnavos

7

The average polarization direction from all measurements is N131.5°E, but this is not representative. As seen in 
the rose diagrams (Figure 3a), a wide variety of 𝜑 directions can be observed. Two very broad groups can be identified; 
one around the NNW-SSE direction and one spread around WNW-ESE. Nevertheless, when individual stations are 
considered, certain spatial patterns are evident. Specifically, the northern stations (HP.KANL, HP.VRKS, HT.TYR4 
and HT.TYR5) present average 𝜑 values indicating a direction around WNW-ESE to NW-SE. It should be noted that 
station HT.TYRN has a wider spread of 𝜑 values, with a roughly dominant NNW-SSE direction. The southernmost 
station (HT.TYR2A) showcases a WNW-ESE main direction, while a distinct NNW-SSE direction in HT.TYR6 is 
evident. HT.TYR1 is the only station with a very clear NNE-SSW dominant orientation. A general NE-SW direction 
can be considered for HT.TYR3, although (with the exception of E-W directions) all 𝜑 groups are represented.

The highest average time-delays are observed in the northernmost stations, i.e. HP.KANL (99 ms) and HT.TYR5 
(116 ms). The lowest time-delay (72 ms) is measured at station HT.TYR4, which is located very close to the epicenter 
of the second M ≥ 6.0 earthquake. The possibility that the highest time delay values at stations HP.KANL and 
HT.TYR5 may be related to deeper earthquake foci was investigated. However, the hypocenters located close to 
these stations (towards the point A) that yielded reliable SwS results are not located deeper than the other events 
that were used in the present study (Figure 3b). In addition, according to Kassaras et al. [2022] who relocated the 
Damasi – Tyrnavos sequence, the depths of most events are between 6 km and 10 km, including those located at the 
northern part, close to point A of Figure 3b. Only the aftershocks of the southernmost part of the sequence (close 
to point B of Figure 3b) were relocated at shallower depths, between 4 km and 8 km. In order to further examine 
a possible link between the seismicity depth and the observed spatial differences in the time-delays, the relation 
between 𝑑𝑡 and depth was examined for each station separately, with the vast majority of the stations (7 out of 9) 
presenting weak negative correlation. Normalized time-delays are well-constrained in the 7.1 to 7.8 ms/km range, 
with the exception of stations HP.KANL (10.3 ms/km) and HT.TYR5 (11.2 ms/km). As stated above, these two 
instruments were installed at the northern edge of the sequence. Other than this distinction, time-delays do not 
seem to follow a spatial pattern.

4. Discussion

The polarization of the fast shear-wave is commonly associated with the existence of preferentially aligned 
microcracks in the upper layers of the crust [Crampin and Atkinson, 1985]. The alignment is attributed to the 
regional stress field, which dictates the orientation, as the long axis of the microcracks is oriented according to 
the maximum horizontal compressive [Cochran et al., 2003, 2006; Ortega-Romo et al., 2021] stress component 

Figure 3.  (a) Map of earthquakes represented in the final dataset (circles) and significant events with M ≥ 5.0 (stars). At 
each station (yellow triangles), the vector that denotes the average 𝜑 and 𝑑𝑡𝑛 of Table 1 is drawn (blue vectors). 
Rose diagrams for each station are presented, along with the rose diagram of all measurements in the bottom 
right corner. The double-headed arrows note the 𝜎Hmax, as given by Kassaras et al. [2022]. Faults (black lines) are 
after Ganas et al. [2017]. Earthquake symbols are scaled according to their magnitude, as in Figure 1. The profile 
line A-B on the map is used for the cross-section of Fig. 3b. (b) Cross-section of the hypocenters that yielded 
shear-wave splitting results along the A-B profile of Fig. 3a.
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(𝜎Hmax). When a critical threshold of stress accumulation is exceeded, the aspect-ratio of the microcracks is inverted, 
rotating the fast shear-wave direction by approximately 90°, the so-called “90°-flip”. Such interactions have been 
described by the Anisotropic Poro-Elasticity (APE) model [Crampin and Zatsepin, 1997; Zatsepin and Crampin, 
1997]. Nevertheless, deviations from this model are common, with high 𝜑 scattering being attributed to topographic 
irregularities [Tai et al., 2011], complex tectonics and structures [Kaviris et al., 2021], fluid pathways [Kaviris et al., 
2020] and inherent rock fabric [Valcke et al., 2006]. The control of structures over splitting features is also common 
in interpreting shear-wave splitting, either as the sole cause or by assessing its interplay with the regional stress field 
[Cochran et al., 2003, 2006; Peng and Ben-Zion, 2004; Gao et al., 2019; Kaviris et al., 2021; Ortega-Romo et al., 2021].

In the case of the Damasi – Tyrnavos area, 𝜎Hmax has been estimated to be oriented generally WNW-ESE, with 
local tectonics indicating normal faulting in WNW-ESE to NW-SE azimuths [Kapetanidis and Kassaras, 2019; 
Kassaras et al., 2022]. The aftershock sequence occurred in the mountainous region to the NW of Larissa and its 
surrounding plain (Figure 1), and it extended in a NW-SE geometry. Therefore, topography could affect 𝜑 and result 
to high scattering in the observations. The majority of stations that monitored the aftershock sequence were located 
in this area of high relief and present high scatter of 𝜑. However, a general trend of WNW-ESE to NW-SE primary 
orientations can be identified in all sites, except three. Namely, HT.TYR1 exhibits a well-documented NNE-SSW 
prevalence and HT.TYR3 a general NE-SW orientation, contrasted by the NNW-SSE direction at HT.TYR6. Therefore, 
it can be stated that 𝜑 follows the regional stress field, which is also represented by the similarly oriented major local 
faults (with the exception of smaller ones having different strikes). The northern and eastern edges of the aftershock 
area indicate polarization directions in agreement with the stress field. The instruments located in the central part 
of the area exhibit dominant polarization directions that range between NNW-SSE and NNE-SSW. From the above, 
two families of microcracks can be identified; one that surrounds the aftershock region and features cracks aligned 
to 𝜎Hmax and one in the center with approximately perpendicular directions.

Another interesting observation concerns the significant increase of average time-delays to the north (stations 
HP.KANL and HT.TYR5), a result that is not related with the depth of the earthquake foci. With the exception of 
these two sites, the mean values of the normalized time-delays are close to an average of 7.3 ms/km. It is worth 

Figure 4.  (From top to bottom) Histogram of daily seismicity and temporal variations of 𝜑, 𝑑𝑡 and 𝑑𝑡𝑛 at station HP.KANL. 
The red dashed line shows the 9-point average. Green dashed lines correspond to the occurrence of events with 
M ≥ 3.5.



SwS perspectives from Damasi – Tyrnavos

9

noting that the two northernmost stations average a normalized time-delay of 10.7 ms/km, which signifies a 46% 
increase. Moreover, it is known that the general evolution of the aftershock sequence was northward [Kassaras et al., 
2022]. The question is if stress redistribution from the start of the sequence could have loaded the rock volume 
closer to these stations and, consequently, increase the aspect ratio of microcracks and affect 𝑑𝑡𝑛. To examine this 
hypothesis, two conditions must be met. The increase should be documented spatially (as shown already) and 
temporally. Nevertheless, even though the response of both UPAT and AUTH was rapid, there is a significant gap 
between the occurrence of the two events of March 3rd and 4th, 2021 and available data. In the final dataset, the 
first observation at HP.KANL is on March 15th, while splitting observations at HT.TYR5 start on March 9th, 2021. 
Thus, the initial stage of time-delays in the northern edge is unknown. Normalized time-delays in HP.KANL show 
increase patterns that do not coincide with any M ≥ 3.5 event (Figure 4). At the end of April, three 3.5 ≤ M ≤ 4.0 
events occurred, during a period of 𝑑𝑡𝑛 increase. However, the increase continued through to May. Therefore, these 
events cannot be associated with the temporal variations of time-delays. There are no other events of M ≥ 3.5 that 
could be linked to any observed variations. Moreover, 𝑑𝑡𝑛 does not seem to decrease or increase – on average – as 
time passes. There is a definite reduction of 𝑑𝑡𝑛 values after the first period (March 15th to 30th, 2021). After the 
abovementioned late April increase, the average 𝑑𝑡𝑛 value is generally stable and exhibits no significant trends.

The observation period in HT.TYR5 lasts between March 9th and April 29th, 2021. This is a shorter period than 
the one documented by HP.KANL, but includes a larger portion of seismicity from the early days of the sequence 
(March 9th to 15th, 2021). Again, no earthquake-specific (for M ≥ 3.5) connections can be identified. Nevertheless, 
normalized time-delays are higher before March 24th, 2021. Then, 𝑑𝑡𝑛 decreases and an increase period seems to 
exist for the later part of the dataset (Figure 5), up to April 29th, 2021. On the last day of observations, an ML = 3.6 
event occurred ~15 km SE of the station (~5 km west of HT.TYRN). There are no strong events after this period, 
that could explain the steady increase in 𝑑𝑡𝑛 observed at the station. Moreover, even though there is an increasing 
trend, independent values do not exceed 20 ms/km; during March, quite a few observations were over that limit. 
It is noted that there are no significant changes in 𝜑 during this period. The rest of the stations did not show any 
significant change in 𝑑𝑡𝑛.

Figure 5.  (From top to bottom) Histogram of daily seismicity and temporal variations of 𝜑, 𝑑𝑡 and 𝑑𝑡𝑛 at station HT.TYR5. 
The red dashed line shows the 9-point average. Green dashed lines correspond to the occurrence of events with 
M ≥ 3.5.
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The above observations provide a complex picture of splitting in the aftershock area of the Tyrnavos sequence. 
Unfortunately, only HT.TYRN, being a permanent station, was active before the occurrence of the March 3rd, 2021 
mainshock and analysis yielded only 6 results between August 5th, 2019 and November 16th, 2020, while there are 
no observations between November 17th, 2020 and March 3rd, 2021. Thus, it is impossible to search for temporal 
variations of the shear-wave splitting parameters before the occurrence of the early March 2021 main events. 
Assuming the existence of crustal microcracks, the seemingly random behavior of time-delays during the aftershock 
sequence indicates that either the crack systems are not sensitive to stress variations or that stress redistribution 
associated with the sequence does not affect the rock volume in such a significant way that also affects time-delays, 
with the possible exception of the spatial increase of 𝑑𝑡𝑛 values towards the north. The complex state of 𝜑, with 
possibly two regimes, in this relatively small area (approximately 30 km x 5 km), offers evidence for a multifaceted 
anisotropic crust. Additionally, the sharp topography affects the recorded shear-waves and could also influence 
the measured time-delay values. These two elements could obfuscate the true variation of stress, as expressed by 
the time-delays.

5. Conclusions

Crustal anisotropy in the region of Thessaly, Greece, had not been previously explored. Over 1000 recordings of 
3-component broadband stations installed in the context of the 2021 Damasi – Tyrnavos sequence were utilized 
in the framework of this study. Between March 3rd and July 30th, 2021, 3839 events of magnitude over 0.2 occurred, 
with the main shock of Mw = 6.3 being followed by an Mw = 6.0 earthquake, one day later. Considering that between 
June 1st, 2018 and the initiation of the sequence only 133 event locations were available in the catalog of SL-NKUA 
(with only 1 station, HT.TYRN, located relatively close) it was not feasible to investigate the state of the upper crust 
seismic anisotropy before the March 3rd, 2021 mainshock. The Damasi – Tyrnavos crisis was exploited, by using 
1602 detected events and 9 broadband sensors (8 out of which were installed to monitor the sequence, by AUTH 
and UPAT). Automatic processing produced a dataset comprising 655 shear-wave splitting parameter pairs of good 
quality, using rays within the shear-wave window (incidence angle ≤ 45°).

The present work revealed the existence of a complex anisotropic upper crust in Thessaly, in the Damasi – 
Tyrnavos area. Measurements at stations to the northern and eastern edges of the oval-shaped NW-SE-epicentral 
area, defined by the 2021 seismic sequence, yielded WNW-ESE to NW-SE dominant fast shear-wave polarization 
directions, approximately parallel to the maximum horizontal compressive stress component and to the strike of 
the fault planes of the major events, as determined by focal mechanisms and INSAR/GNSS models [Ganas et al., 
2021; Kassaras et al., 2022]. Stations located at the center of the sequence offer wider variety, with the prevalence of 
NNW-SSE and NNE-SSW polarizations. Spatial dependence of anisotropy can also be identified in some cases. The 
two northernmost stations (HP.KANL and HT.TYR5) present normalized time-delay values ~46% higher than the rest 
of the stations, coinciding with the initial northward migration of seismicity. No significant temporal dependence 
of splitting parameters was observed in any of the stations.
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