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The recurrence time, Tr, of strong earthquakes above a predefined magnitude threshold on specific faults or fault segments is an important parameter, that could be used as an input in the development of long-term fault-based Earthquake Rupture Forecasts (ERF). The amount of observational recurrence time data per segment is often limited, due to the long duration of the stress rebuilt and the shortage of earthquake catalogs. As a consequence, the application of robust statistical models is difficult to implement with a precise conclusion, concerning Tr and its variability. Physics-based earthquake simulators are a powerful tool to overcome these limitations, and could provide much longer earthquake records than the historical and instrumental earthquake catalogs. A physics-based simulator, which embodies known physical processes, is applied in the Southern Thessaly Fault Zone (Greece), aiming to provide insights about the recurrence behavior of earthquakes with Mw ≥ 6.0 in the six major fault segments in the study area. The build of the input fault model is made by compiling the geometrical and kinematic parameters of the fault network from the available seismotectonic studies. The simulation is implemented through the application of the algorithm multiple times, with a series of different input free parameters, in order to conclude in the simulated catalog which showed the best performance in respect to the observational data. The detailed examination of the 254 Mw ≥ 6.0 earthquakes reported in the simulated catalog reveals that both single and multiple segmented ruptures can be realized in the study area. Results of statistical analysis of the interevent times of the Mw ≥ 6.0 earthquakes per segment evidence quasi-periodic recurrence behavior and better performance of the Brownian Passage Time (BPT) renewal model in comparison to the Poissonian behavior.
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INTRODUCTION
The study of the statistical behavior of strong earthquakes’ occurrence above a given magnitude threshold (e.g., M ≥ 6.0) on specific faults or faults segments is among the key components of the estimation of fault-based probabilistic seismic hazard assessment (PSHA). The main purpose of such studies is the determination of the mean recurrence time, Tr, between successive strong earthquakes and their variability, the latter of which can be used as an input in the application of either Poissonian or renewal (time-depended) long-term Earthquake Rupture Forecast (ERF) models in a specific time span (Field, 2015).
The accurate computation and evaluation of recurrence time statistical parameters is a prerequisite for both the better understating of its behavior and the precision of the forecast models. For this reason, the compilation of as many as possible records of strong earthquakes that occurred in individual fault segments is necessary. However, the amount of this observational data is limited, often between 3 and 10 observations (Ellsworth et al., 1999; Sykes and Menke, 2006), and the related catalogs (both historical and instrumental) are relatively short because of the earthquake cycle’s long duration in each given segment. In addition, paleoseismological event dating (e.g., Biasi et al., 2015) and slip-rate constrains (Ogata, 2002; Biasi and Thompson, 2018) could refine the parameters’ space when they are used in combination with alternative approaches, such as Bayesian inference methods (Fitzenz, 2018).
An alternative approach to support and improve the study of strong earthquakes’ recurrence behavior is the development and application of physics-based simulator algorithms. These algorithms model the earthquake occurrence via numerical simulations using various approximations about the known physical processes concerning the stress transfer and frictional properties, along with kinematic and dynamic constraints (Tullis, 2012a). Starting from the early works of Rundle 1988 and Robinson and Benites 1996, the concept of physics-based simulators became popular during the last decade, due to their ability to model and reproduce long earthquake occurrence records (ranging from thousands to millions of years). Thus, a large number of such algorithms have been proposed (e.g., Yikilmaz et al., 2010; Richards-Dinger and Dieterich, 2012; Ward, 2012; Schultz et al., 2017) and applied (e.g., Robinson et al., 2011 and Christophersen et al., 2017 in New Zealand; Shaw et al., 2018 in California).
In this context, Console et al. 2015 introduced a physics-based simulator algorithm based on the modeling of the rupture growth, considering the long-term slip rate constraints on fault segments, which were firstly applied in the Corinth Gulf fault system in Greece. The simulated seismicity yielded satisfactory results on the magnitude distribution of the simulated catalog, which is consistent with the observations, and, again, with the realistic and consistent space time behavior (e.g., clustering of strong earthquakes and aftershock generation). Over the years, the simulation algorithm had a revolutionary improvement, comprising new parameters for the identification of successive ruptures (Console et al., 2017) and the inclusion of the afterslip process, modeled by a decaying Omori-like power law (Console et al., 2018a). These improved versions were successfully applied to simulate the seismicity of Calabria (Console et al., 2017; Console et al., 2018b) and Central Apennines (Console et al., 2018a) in Italy. The latest version of the algorithm incorporates the effect of the Rate and State Constitutive law proposed by Dieterich 1994 in the physical processes, leading to a stochastic manner of nucleation with applications in Central Italy (Console et al., 2020) and Greece (Mangira et al., 2020).
The current version is applied in the Southern Thessaly Fault Zone (STFZ) in Central Greece, which consists of part of the extensional back arc Aegean region and characterized by WNW-ESE to E-W normal faulting (Papazachos et al., 1998; Goldsworthy et al., 2002; Figure 1B). During the 20th century, a series of six strong and destructive (Mw ≥ 6.0) earthquakes occurred in the study area (Figure 1A and Table 1). Papadimitriou and Karakostas 2003 showed that the stress transfer dominates the occurrence of strong earthquakes within the STFZ, which have been characterized as episodic since the active periods alternate with much longer quiescent periods. Although several strong earthquakes Mw ≥ 6.0 had occurred since the 16th century in the broader Thessaly area, a rather complete historical record reveals (Papazachos and Papazachou, 2002) that only two of them that occurred during the 18th century are related with the STFZ (white stars of Figure 1A and Table 1). As a consequence, the study area could be characterized as an active area with strong earthquake occurrence during the instrumental period, however, het lack of a satisfactory number of Mw ≥ 6.0 events per segment inhibits the identification of the corresponding mean recurrence time, Tr.
[image: Figure 1]FIGURE 1 | (A) Strong earthquake (Mw ≥ 6.0) occurrence in the Southern Thessaly Fault Zone. Yellow stars depict the Mw ≥ 6.0 events during the 20th century, whereas the white stars depict the historical ones during the 18th century. The six major segments of the Southern Thessaly Fault System are represented with the red solid lines and their names are also given. Focal mechanisms are plotted as lower-hemisphere equal-area projections. The occurrence date of each event is annotated on the top of focal spheres. (B) Main seismotectonic properties of the broader Aegean area along with the relative plate motions represented by the black arrows, either side of the active boundaries depicted by the thick red lines. The study area is denoted with a rectangular red box. (C) Schematic 3D representation of the six fault segments of the Southern Thessaly Fault Zone, modeled as rectangular planes for the current simulator application.
TABLE 1 | Focal parameters of the Mw ≥ 6.0 strong earthquakes that occurred in the Southern Thessaly Fault Zone since 1700.
[image: Table 1]This fact provokes the detailed study of the long-term behavior of strong earthquakes via the application of the simulation algorithm with the ultimate goal of constructing built a large and representative strong earthquake record over a sufficient time span. This will form the basis for the statistical analysis of these earthquakes’ recurrence time behavior.
SEISMOTECTONIC SETTING AND DEFINITION OF THE FAULT NETWORK OF THE SOUTHERN THESSALY FAULT ZONE
The active deformation in the broader Aegean region is dominated by the subduction of the oceanic lithosphere of the Eastern Mediterranean under the continental Aegean microplate, forming the Hellenic Arc and the extensional back arc region of the Aegean Sea (Papazachos and Comninakis, 1970; Papazachos and Comninakis, 1971; Figure 1B). The regional stress field of STFZ is characterized by a N-S extension, similar to the broader Aegean back arc area, with relatively moderate slip rates (about 4.6 ± 0.5 mm/yr) as derived from GPS measurements (Muller et al., 2013). The STFZ is composed of six sub-parallel major normal faults with an E-W to WNW-ESE strike (Figure 1A and Table 2), reaching maximum lengths of 15–25 km and typical dips for normal faulting equal to 45° (in agreement with Roberts, 1996; Roberts and Ganas, 2000; Goldsworthy and Jackson, 2000). The thickness of the seismogenic layer along the fault zone is equal to 12 km, with earthquake focal depths ranging between 3 and 15 km (Hatzfeld et al., 1999). The stress is mainly accumulated on and released through the six major fault segments, whose dimensions (Table 2) are large enough to be comparable with the seismogenic thickness of the upper crust and capable of rupturing in Mw ≥ 6.0 earthquakes (Goldsworthy and Jackson, 2000; Scholz, 2019).
TABLE 2 | Geometrical and kinematic parameters of the fault network model used in the simulation application of the Southern Thessaly Fault Zone.
[image: Table 2]The Ekkara fault segment with NW-SE strike (285°), NE dip, and length equal to 28 km is located at the westernmost part of the STFZ (Figure 1A), associated with the 1954 Mw = 7.0 earthquake (Papastamatiou and Mouyaris, 1986; Caputo and Pavlides, 1993). The 1954 event is the largest one known to have occurred in the study area and is also known as the Sofades earthquake due to the heavy damage caused by it in Sofades and neighboring villages (Ambraseys and Jackson, 1990; Papazachos and Papazachou, 2002; Papazachos et al., 2016).
Two distinctive groups of sub-parallel segments are its neighbors to the east. The fist group includes the Farsala, Rigeion, and Pagasai segments (Figure 1A). Farsala and Rigeion fault segments strike from E-W to ENE-WSW (89° and 99°, respectively), dip southwards, and extend in lengths of about 14 and 19 km, respectively (Caputo and Pavlides, 1993; Mountrakis et al., 1993). The third member of this group, the Pagasai fault segments strikes at 252°, dips north-northeastward, with a length equal to 12 km (Caputo and Pavlides, 1993; Galanakis et al., 1998). This group of fault segments is associated with a cluster of strong earthquakes from 1955 (just one year after the Ekkara main shock) up to 1957 that devastated the study area The 1955 Mw = 6.2 earthquake (Ambraseys and Jackson, 1990; Papazachos and Papazachou, 2002) occurred in the NE margin of the study area and is associated with the Pagasai fault segment. The activity continued by migrating westwards, filling in the gap between the 1954 and 1955 events, with the occurrence on the eighth of March 1957 doublet (with a time difference of 7 min; 12:14, Mw = 6.5 and 12:21, Mw = 6.8; Ambraseys and Jackson, 1990; Papazachos and Papazachou, 2002) causing heavy damage in the regions of Velestino, Farsala, and Volos. These two earthquakes, Mw = 6.5 and Mw = 6.8, are associated with the Farsala and Rigeion fault segments, respectively. It must be mentioned that, unless the Mw = 6.5 earthquake’s initial location is quite far from the Farsala segment (about 15–16 km), it is more likely to be associated with it rather than with the Rigeion segment because the latter cannot bear two strong events simultaneously. Convincing support for this argument is found in that the macroseismic effects, although difficult to be discriminated between the two main shocks, can be ascribed to both fault segments and the epicentral misallocation of that period due to the seismological network limitations.
The second group of the eastern part of the study area encompasses the Nea Agchialos (Galanakis et al., 1998) and Volos fault segments (Figure 1A), also identified by the seismic reflection survey of Perissoratis et al. 1991. These two segments strike at 82°, dip to the SE and with lengths equal to 21 and 12 km, respectively (Caputo, 1996; Galanakis et al., 1998). The Volos and Nea Agchialos segments are linked with a second doublet of strong earthquakes that occurred on the 9th of July 1980, with magnitudes equal to Mw = 6.5 (02:11) and Mw = 6.1 (02:35) (Papazachos et al., 1983; Ambraseys and Jackson, 1990; Drakos et al., 2001).
Papadimitriou and Karakostas 2003 studied the episodic occurrence of strong earthquake occurrence in a larger area, including the STFZ, and concluded that the stress transfer among adjacent fault segments is the dominant pattern. In the study area during the 18th century, two earthquakes of Mw = 6.6 and Mw = 6.4 occurred in 1743 and 1773, respectively (Table 1 and Figure 1A). These events are likely to be associated with the first group of easternmost faults segments (Farsala, Rigeion, Pagasai), but the lack of available historical information does not allow for a reliable linkage between them.
The available fault plane solutions show a rake angle equal to λ = −88° for the 1954 earthquake (McKenzie, 1972) associated with the Ekkara segment and λ = −90° for all the other fault segments (Papazachos et al., 2001). The thickness of the seismogenic layer along the fault zone is extended along 3 and 15 km (Hatzfeld et al., 1999), as already mentioned, except for the two smaller fault segments, namely the Pagasai and the Nea Agchialos, with lengths equal to 12 km, which are considered to be rooted in the middle of the seismogenic layer between the depths of 5 and 15 km.
The geodetic long-term slip rate equals 4.5 ± 0.5 mm/yr (Muller et al., 2013), is distributed homogenously along its segments, taking the larger part of the deformation. Taking into account that only the 60% of the total slip is released coseismically (Davis et al., 1997), the slip rate of each segment is assigned and given in Table 2. This estimate also agrees with Jenny et al. 2004 who concluded that the tectonic deformation in central Greece is not fully coupled but affected by aseismic creep. This conclusion is also supported by the recognition of anthropogenic-induced subsidence phenomena, as revealed by recent GNSS measurements (Argyrakis et al., 2020 and the references therein), which could be associated with the aseismic slip of the study area.
The slip rate values, corresponding to 60% percent of the total slip rate, are chosen to be equal to 3 mm/yr for the largest fault segments and 2.5 mm/yr for the smaller ones, rooted deeper in the seismogenic layer (Pagasai and Nea Agchialos; Table 2). These values are slightly higher and slightly lower, respectively, from the exact 60% (2.7 mm/yr), aiming to account in some way for the corresponding uncertainty of estimated values of the total slip.
All the aforementioned geometrical and kinematic parameters and data, as compiled from the previously mentioned studies, are taken into account in the definition of the fault network model for the study area, which is the main input of the simulation procedure, and are summarized in Table 2. The GreDass database (Caputo and Pavlides, 2013) and the 2020 updated version (v3.0) of NOA Faults (Ganas et al., 2013) are accessed in an attempt to compare the fault segments defined in this study and compare them with the ones defined in the two databases. This comparison (Supplementary Appendix A) revealed a good agreement between our definition with at least one of the databases. A systematic difference is observed at the dip angles, which in our study are taken to equal 45°, the typical value equal for normal faulting and in agreement with Roberts and Ganas 2000 and Goldsworthy and Jackson 2000.
The maximum expected magnitude, Mmax, for each segment is also calculated by the application of a modified version of the method proposed by Pace et al. 2016, based on the combination of various scaling laws and the maximum observed magnitude per segment and the investigation of the consistency in this comparison. Four scaling relations (Wells and Coppersmith, 1994; Papazachos et al., 2004; Wesnousky, 2008; Leonard, 2010) were engaged, estimating the expected Mmax and then its average value. The maximum observed magnitude per segment is also weighted in the final estimation of Mmax.
The Mmax, along with its ±1σ, was calculated as a function of each fault segment length, given the scaling relations, assuming that Mmax corresponds to the full rupture length. The probability curve of Mmax estimates for each relation is then drawn, using a normal distribution with mean and standard deviation equal to the estimated Mmax and its corresponding ±1σ, respectively. Additionally, a fifth normal distribution is drawn considering the observed Mmax, along with its corresponding ±1σ, as input parameters. The five probability density functions are then combined by summation. The summed curve is considered as the basis of the final normal fit, including both the calculated and the observed Mmax, aiming to estimate the central value of the summed probability density and its standard deviation, which is assigned as the final expected Mmax (Table 3 and Figure 2).
TABLE 3 | Estimated Mmax and its ±1σ as obtained from the Wells and Coppersmith (1994; W&C), Papazachos et al. (2004; Pap), Wesnouskly (2008; Wes), and Leonard (2010; Leo) scaling relations for each of the six segments of the Southern Thessaly Fault Zone, along with the observed Mmax values (also listed in Table 1) used for the final estimation of the Mmax. The final estimates and their corresponding error (last column) using the modified version of Pace et al. (2016) method are also given.
[image: Table 3][image: Figure 2]FIGURE 2 | Probability density functions considering the normal distribution with mean value and standard deviation, the estimated Mmax, and its corresponding ±1σ as resulted from the (Wells and Coppersmith, 1994; light blue lines), (Papazachos et al., 2004; orange lines), (Wesnousky, 2008; yellow lines), and (Leonard 2010; magenta lines) scaling relations for normal faults using the fault segment length as input for each of the six segments of the Southern Thessaly Fault Zone. The green curves represent the normal distribution accrued from the observed Mmax and its ±1σ based on the past strong earthquakes that occurred per segment. Blue curves depict the summed probability functions resulted from the combination of both scaling densities, along with the observational ones. The central values and their corresponding ±1σ of the summed densities after the application of the Gaussian fit are shown with solid and dashed red lines, respectively.
A general remark concerning the estimates of the scaling relations is that Wesnousky’s (2008) relation returns the largest values of Mmax than the other 3, whose values are quite similar. For example, the Mmax for the Ekkara fault segment equals to 6.80 with Wesnousky’s (2008) relation, whereas the corresponding values using the Wells and Coppersmith 1994, Papazachos et al. 2004, and Leonard (2010) relations are equal to 6.57, 6.61, and 6.65, respectively. This fact slightly affects the +1σ part of the summed probability density (blue lines) in the cases of the Pagasai (Figure 3D) and Nea Agchialos (Figure 3E) fault segments.
[image: Figure 3]FIGURE 3 | Completeness magnitude, Mc, estimation through the GFT method for the Southern Thessaly Fault System during the period 1970–2020. (A) Residual in percentiles as function of the minimum magnitude bin of the observed catalog. Red triangle indicates the bin with residual below 5%. (B) Frequency-Magnitude Distribution (FMD) of incremental (red squares) and cumulative (blue triangles) number of the earthquakes. Straight black line represents the part of FMD above Mc.
The final estimates of Mmax, resulted from the Gaussian fit of the summed density curves, show that the maximum expected magnitude values are slightly lower (but inside the +1σ confidence interval) than the observational ones in the cases of Ekkara (Mmax_exp = 6.72 instead of Mmax_obs = 7.0), Farsala (Mmax_exp = 6.28 instead of Mmax_obs = 6.5) and Rigeion (Mmax_exp = 6.50 instead of Mmax_obs = 6.8) fault segments. The estimates for Pagasai, Nea Agchialos, and Volos fault segments equal to Mmax_exp = 6.15, Mmax_exp = 6.13, and Mmax_exp = 6.48, respectively, are in very good agreement with the observed ones (Mmax_obs = 6.2, Mmax_obs = 6.1, and Mmax_obs = 6.5, respectively).
In summary, the maximum expected magnitude evaluation using the estimates from scaling laws and constrained by the observed Mmax, show the possible seismic potential of each fault segment. Some differences between the observed and the expected M values could possibly be related with some overestimation of the observed ones, due to the fact that these earthquakes occurred in the early instrumental period.
SIMULATOR ALGORITHM OUTLINE
The current simulation application is based on the algorithm developed and evolutionary improved by Console et al. 2015; Console et al. 2017; Console et al. 2018a; Console et al. 2020, where the main principles are analyzed in detail. In this section, a brief outline is presented about its main principles along with the improvement of the present version. The simulator algorithm comprises several physical constraints, including the geometry and the long-term slip rates of each segment of the 3-D fault model. Each fault segment is modeled as a quadrilateral plane source, onto which a normal grid of squared cells is superimposed. The long-term slip rate is distributed uniformly within a certain fault segment and could vary from one segment to the other. Each cell is initially assigned with a stress value taken from a random distribution, which then increases with time due to the slow tectonic loading in terms of a backslip model. The nucleation process is implemented by the contribution of the Rate and State Constitutive Law of Dieterich 1994, leading to a probabilistic manner of nucleation (Console et al., 2020).
Specifically, the seismicity rate, R, in each cell is calculated by:
[image: image]
where r is the reference seismicity rate of each cell (defined as the seismicity rate R when ΔCFF = 0), ΔCFF is the change in Coulomb Failure Function due to the coseismic slip of previous earthquakes, Ασ is the constitutive parameter describing the response of the friction to a rate change caused by a stress step change (Toda and Stein, 2003), Δt is the time elapsed after the stress change on a given cell, and γ0 is the inverse of the reference tectonic stressing rate, [image: image][image: image]. Coulomb Stress Changes are computed by the equation:
[image: image]
where Δτ is the shear stress change in the slip direction, Δσn is the normal stress change, positive for extension normal to the observational fault plane, and μ′ is the apparent coefficient of friction (Rice, 1992).
After the nucleation initiation, the strength of neighboring cells is reduced according to a constant value multiplied by the square root of the number of initially ruptured cells, resembling a weakening mechanism and promoting the growth of the rupture. The expansion of each rupture is limited by a factor equal to a given number of times the width of the fault segment, discouraging the rupture propagation over long distances. Rupture growth and termination are controlled by two free parameters in the algorithm, the Strength Reduction (S-R) coefficient and the Aspect Ratio (A-R), referring to the fault weakening and the discouragement of the rupture propagation over long distances, respectively.
During the coseismic stage of the process, the stress is decreasing by a constant stress drop, Δp (e.g., Δp = 3 MPa) in every cell that participates in the rupture, while in the surrounding cells the stress changes are given by the Eq. 2. A given cell is allowed to rupture more than once in the same event, when it is ruptured with a constant stress drop but with only a moderate amount of slip.
A rupture terminates when there are no more cells inside the searched area, in which the stress exceeds their strength. Coulomb stress changes also contribute to the interactions among the causative and receiving segments, allowing the expansion of a rupture to neighboring fault segments, which are located within a certain maximum distance (e.g., 5 km). This feature of the algorithm represents the ability of fault interactions to possibly produce fault linkage and coalescence phenomena, resulting in large earthquakes due to the simultaneous rupture of more than one segment (Scholz, 2019).
A critical point that affects the results of the simulation procedure is the input values of the three free parameters. The influence of the two of them, the S-R and A-R, was already analyzed by Console et al. (2015, 2017, 2018a). The Strength-Reduction coefficient (S-R) mainly controls the ratio between the number of small to large events. Small values of S-R produce simulated catalogs with much fewer large events than the large S-R values and visa versa. The effect of the Aspect-Ratio (A-R) value is mainly related with the maximum magnitude, not with the total number of events nor with the b-value of the simulated catalogs. Additionally, the effect of the product Aσ of the Rate and State law is mainly related with the probability of event’s nucleation from the stress change due to the coseismic slip of previous events (Console et al., 2020).
APPLICATION OF THE SIMULATOR TO THE SOUTHERN THESSALY FAULT SYSTEM
The six fault segments of the fault model are rectangular planes, divided into 0.75 × 0.75 km squared cells (Table 2 and Figure 1C). The 60% of the geodetically estimated slip, the values of rigidity, μ, and stress drop, Δp, equal to 40 GPa and 4 MPa, respectively, are considered for the simulator application. The minimum magnitude generated by the simulator is selected to be equal to 4.1 (Mw = 4.1), which corresponds to a two cells rupture.
An important step during the application of the simulator algorithm is the selection of the Aσ, S-R, and A-R free input parameters. This step is very crucial because the final simulated catalog will be affected by their influence in terms of the total number of event and the ratio between the number of small to moderate and large earthquakes (effects of nucleation and fault weakening, related with the values of Aσ and S-R). The maximum magnitude that the simulator generates will also be influenced by the effect of the value of A-R. A wide range of Aσ values are reported, ranging from 0.0012 to 0.6 MPa, obtained from different earthquake sequences (Harris, 1998; Harris and Simpson, 1998). Mangira et al. 2020 tested values ranging between 0.04 and 0.09 MPa in the Central Ionian Islands (Greece), with a value equal to Aσ = 0.06 MPa found to be the most appropriate. Console et al. 2020 used values between 0.01 and 1.0 Mpa concluding Aσ = 0.05 MPa for Central Italy. Since the value of the product Aσ is not fixed, a range from 0.01 to 0.04 MPa with a step of 0.005 MPa is selected to be tested in this study [Aσ = (0.01 MPa–0.04 MPa)].
The relevant knowledge about the mechanism of fault weakening is based in indirect observations, such as past seismicity, and consequently is mainly undetermined A range of S-R values are tested, starting from a value of 0.1, which represents strong faults, and with a step of 0.05 up to the value 0.3, in which the weakening is enhanced [S-R = (0.1–0.3)]. The third parameter, A-R, is assigned after testing it for values equal to 2, 3, and 4, in accordance with the dimensions of the six segments. The effort for testing all possible values of the three free parameters resulted in 105 combinations stemming from the considered value ranges (Supplementary Appendix B1). The duration of each simulation is selected to be equal to 10 kyr with a warm-up period of 2 kyr, which were not taken into account in each final simulated catalog.
Each triplet of input parameters yielded a simulated catalog with different total number of events, maximum magnitude, and b-values. The number of events ranges from 9,309 to 40,056, whereas the b-values are fluctuated between 0.92 and 1.50 (Supplementary Appendix B1) affected by the different values of Strength-Reduction coefficient. Maximum magnitude is found to be between 6.6 and 6.8 because of the different Aspect-Ratio values, in good agreement with the maximum expected magnitude for each fault segment as obtained from the scaling relations (Table 3).
The selection of the most representative simulated catalog is made after comparison with observational data. The observational data are taken from the instrumental catalog of Geophysics Department at the Aristotle University of Thessaloniki, 1981 (http://geophysics.geo.auth.gr/ss), based on the recordings of the Hellenic Unified Seismological Network (HUSN), and include all the available Mw ≥ 3.0 earthquakes from 1970 to 2020. The complete magnitude of this catalog is investigated with the application of the Goodness of Fit method (GFT; Wiemer and Wyss, 2000), considering the 95% confidence level of residuals (Figure 3A), and was found to equal Mc = 4.1, with 102 earthquakes (Figure 3B). The maximum likelihood estimate (Aki, 1965) gave b = 0.99, and the parameter α equals α = 6.05. A remarkable point arising from the FMD is the limited number of moderate to large earthquakes (5.7 ≤ Mw ≤ 6.1), implying the lack of the corresponding causative activated faults.
The comparison is implemented by assessing the performance of each simulated catalog against the observational one via the application of two non-parametric statistical tests, namely the two sample Kolmogorov—Smirnov (KS2) (Stephens, 1974) and the Wilcoxon Rank-Sum (WR-S) (Wilcoxon, 1945; Mann and Whitney, 1947), at a significance level equal to α = 0.05. Specifically, the cumulative earthquake number Ni of a certain simulated catalog for each magnitude bin divided by the corresponding period (Ni/period, in years) is compared with the corresponding observations, under the null hypothesis that the two rates come from the same population against the alternative hypothesis that they come from different populations at a given significance level, α.
The two sample K-S test is a non-parametric goodness of fit test, which compares the differences between the empirical cumulative distribution functions (ecdf), F (10) and G (x), of two samples under the null hypothesis. The statistic of the test is defined as:
[image: image]
The Wilcoxon Rank-Sum test compares two independent random variables, F and G, with sample sizes m and n, respectively, under the null hypothesis that the two samples come from the same distribution, similarly with the Mann-Whitney U-test. The samples are combined and ranked. The Wilcoxon statistic, T, is calculated from the sum of the ranks according to:
[image: image]
and
[image: image]
The number of times that Fi > Gj is in an ordered arrangement, so the Mann-Whitney statistic U is defined as:
[image: image]
where
[image: image]
and
[image: image]
The decision of rejecting or not the null hypothesis is based on the p-value returned by the test, compared with the significance level. If p-value is greater than α (p-value > α) then the null hypothesis can not be rejected. On the contrary, if p-value is lower than α (p-value < α) the null hypothesis can be rejected.
The results of the two statistical tests are shown in Supplementary Appendix B1 and Figure 4 in terms of their corresponding p-values, evidencing that in all cases their values are larger than the significance level, except for one case of the Wilcoxon Rank-Sum test, in which the p-value is equal to 0.032 (Simulation 90; Supplementary Appendix B1 and Figure 4). More specifically, the p-values of the KS2 test range from 0.051 to 0.685, and those of WR-S between 0.032 and 0.630. Ideally, the best performed simulated catalog would be the one with the sufficiently largest p-values in both tests. The current results evidence a large number of candidate simulated catalogs as the best performed, since their p-values are quite large in both tests in respect to the others.
[image: Figure 4]FIGURE 4 | Calculated p-values of the two Sample Kolmogorov-Smirnov (A) and the Wilcoxon Rank-Sum (B) tests for the 105 simulated catalogs at 0.05 level of significance (α = 0.05). The b-values (C) of each simulated catalog (blue stems) are also presented vs. the observational catalog’s one (solid red line).
From a statistical point of view, each one of the simulated catalogs 19, 34, 52, 79, and 94 with values of free parameters (Ασ/S-R/A-R) equal to 0.015 MPa/0.15/2, 0.02 MPa/0.15/2, 0.025 MPa/0.2/2, 0.035 MPa/0.15/2, and 0.04 MPa/0.15/2, respectively, could be considered as the best performed, since their calculated p-values (Supplementary Appendix B1 and Figure 4) are both large enough (e.g. p-values > 0.5) and quite close to each other. Four out of the five triplets showed a clear better performance of the values of S-R = 0.15 and A-R = 2. Simulation 52 (0.025 MPa/0.2/2) results in slightly higher p-values than the others (0.685 and 0.503 in KS2 and WR-S tests, respectively), but these results must be treated with caution before the final decision due to the sensitivity of statistical tests.
On the other hand, the best performed simulated catalog must also be representative in terms of the physical properties of the observational catalog, as expressed by the observed seismicity. The comparison among the calculated b-values of the simulated catalogs against the observational catalog, could be a reliable additional index for the final selection. The b-values of the simulated catalogs 19, 34, 52, and 94 are found to be equal to 1.30 (bsim19 = 1.30), 1.25 (bsim34 = 1.25), 1.20 (bsim52 = 1.20), and 0.94 (bsim94 = 0.94), respectively. These values considerably differ from the value of the observational catalog, which is equal to 0.99 (bobs = 0.99). The b-value of the simulation 79 equals to 1.02 (bsim79 = 1.02) and is the one with the least difference in respect to the bobs. It should be mentioned at this point that there are additional simulated catalogs with b-values close to the bobs (eg, simulated catalogs 83 and 104 with bsim83 = 1.00 and bsim104 = 0.98, respectively; Figure 4C) but their statistical performance is poor.
Based on the above results, the simulated catalog 79 (yellow line in Figure 5) is considered as the best performed one in respect with the observed seismicity, identifying the catalog from which further recurrence time analysis will be accomplished.
[image: Figure 5]FIGURE 5 | Summary of annual occurrence rates of the 105 simulated catalogs (gray lines), using different combinations of the free input parameters (Ασ, S-R, A-R; Supplementary Appendix A1). Annual occurrence rates of the best performed simulated catalog (Simulation 79; Ασ = 0.035 MPa, S-R = 0.15, A-R = 2) is represented by the yellow line, and the rates of the observational catalog with the red line.
The most representative simulated catalog is the one with Ασ = 0.035 MPa, S-R = 0.15, and A-R = 2, consisting of 19,740 events with Mw ≥ 4.1 with a duration of 10 kyrs. The largest magnitude of the simulated catalog is equal to 6.6 (Mw_max = 6.6), which is considerably smaller than both the maximum observed magnitudes equal to 7.0 and 6.8 that occurred in the Ekkara and Rigeion fault segments. The maximum expected magnitude of this catalog agrees well with the maximum expected magnitude yielded by the empirical relations analysis. These discrepancies among the maximum observed and simulated magnitudes could be explained with the fact that the 1954 Sofades (Mw = 7.0) and the 1957 Rigeion (Mw = 6.8) earthquakes belong to the early instrumental period and their magnitudes could possibly have beenoverestimated, as already said. Looking at the ISC-GEM instrumental earthquake catalog, the estimated magnitudes of these events are equal to Mw = 6.66 and Mw = 6.40, respectively, in very good agreement with the largest magnitude estimated in the simulated catalog. The comparison among the maximum expected magnitudes and the simulated magnitudes for single segment ruptures (Table 4) allow to accept that this simulated catalog represents quite accurately the seismicity in the study area.
TABLE 4 | Summary of single and multiple ruptures for the Mthr ≥ 6.0 for each of the six segments of the Southern Thessaly Fault Zone along with their maximum magnitude values obtained from the best performing 10 kyr simulated catalog (Simulation 79; Ασ = 0.035 MPa, S-R = 0.15, A-R = 2).
[image: Table 4]STRONG (MW ≥ 6.0) EARTHQUAKES OCCURRENCE AND RECURRENCE MODELING
The main purpose of the simulation application is the provision of an earthquake catalog of both long duration and seismicity physical properties, appropriate for investigating the recurrence behavior of strong events in each fault segment of STFZ after fulfilling a set of criteria, that must be specified. Firstly, the minimum magnitude threshold above which the strong earthquakes will be considered a characteristic one, must be specified. Considering the observed strong events that occurred per segment (Figure 1) and their magnitude uncertainties (Table 1), along with their dimensions, a unique magnitude threshold equal to 6.0 (Mthr ≥ 6.0), corresponding to a group of at least 182 ruptured cells, is adopted.
Further, the contribution of each segment in a single earthquake must be specified. Each earthquake satisfying the first criterion is initially assigned to the segment in which the nucleation starts. Moreover, an additional fault segment could also participate with many ruptured cells in the same earthquake. In this way, if the number of ruptured cells of another segment are at least 75% of the total number of its cells (in other words, the rupture covers more than 75% of the segment’s area) or if they exceed the minimum number of cells as defined previously, then this segment is also assigned to the respective earthquake.
Considering these criteria, 254 ruptures in total are reported in the simulated catalog. Out of them, 169 earthquakes are related with single segment ruptures and 85 are multi segmented ruptures during the 10 kyr of the simulation. The latter number of ruptures can be separated into 38 pairs of simultaneously failed segments and three triplets of multiple ruptures. From the analysis of the ruptures per segment (Figure 6), some interesting features are observed. The Ekkara segment is the only one that ruptured alone because it is located in the southwest boundary of STFZ, and it is rather isolated from the other segments. The other five segments (Farsala, Rigeion, Pagasai, Nea Agchialos, and Volos) participate in both single and multiple ruptures with values of maximum magnitude around 6.6 (Table 4).
[image: Figure 6]FIGURE 6 | Number of both single (red bars) and multiple (blur bars) ruptures of each segment of the Southern Thessaly Fault Zone obtained from the best performed simulated catalog for the Mthr ≥ 6.0 characteristic earthquake magnitude threshold.
It is worth mentioning that the simulated catalog includes earthquakes in which more than segment has failed. An example is illustrated in Figure 7 for the first 2 kyr of the simulation and all the resulted multisegmented ruptures are given in Table 5. The main pattern of the two segment ruptures is that the neighbor fault segments are simultaneously failed in one earthquake, like the cases of Farsala–Rigeion and Nea Agchialos—Volos ones. There are some cases in which one segment of the northern group ruptured simultaneously with one from the southern group (e.g., the Pagasai—Volos ruptures), and in which the ruptured segments resulted in individual earthquakes with different magnitudes very close in time (e.g. within few seconds), as happened with Rigeion and Pagasai fault segments, that ruptured within a few seconds with magnitudes equal to Mw = 6.3 and Mw = 6.2, respectively (red ellipse in Figure 7).
[image: Figure 7]FIGURE 7 | Snapshot of the first 2 kyr temporal distribution of the Mw ≥ 6.0 earthquakes of the best performed simulated catalog. Blue boxes indicate some of the combinations of the two segment ruptures, while the black one indicates one of the three cases of three segment ruptures. The red ellipse depicts a case of two individual fault segments ruptures (Mw = 6.3 for Rigeion fault segment and Mw = 6.2 for Pagasai fault segment) almost at the same time.
TABLE 5 | Number of 2 and 3 segments’ multiple ruptures for all the combinations of the participating fault segments of the Southern Thessaly Fault Zone.
[image: Table 5]An illustrated example of the state of stress at a certain time illustrates the stress evolution in the six segments of STZF (Figure 8). The snapshot is selected to depict the state of stress at t = 1,336.338 years, when the Rigeion, Nea Agchialos, and Volos fault segments ruptured simultaneously (black dashed box of Figure 7), resulting in a Mw = 6.6 earthquake. Stress values are rather high (warm colors) within the cells of each fault segment that participate in the rupture (Figure 8). One additional remark derived from Figure 8 is that the stress values of the Pagasai fault segment are also high, indicating that the Pagasai fault segment is also close to a failure. This latter fact was confirmed with a single segment rupture of Pagasai fault segment at t = 1,574.264 years, resulting in a Mw = 6.2 earthquake.
[image: Figure 8]FIGURE 8 | The state of stress (in MPa) in the six fault segments of STFZ at time t = 1,336.338 years, when the Rigeion, Nea Agchialos, and Volos fault segments ruptures simultaneously (black polygon), resulting in a Mw = 6.6 earthquake. The stress value on each cell is depicted with the color bar, ranging from 14.5 MPa (dark blue) to 20 MPa (dark red).
To study the earthquakes’ recurrence behavior in each fault segment, the mean recurrence time, Tr, along with its standard deviation (σ) and the corresponding coefficient of variation (Cv) are calculated (Table 6). The mean Tr obtained for the Mthr ≥ 6.0 earthquakes of the simulation procedure varies from almost 140–673 years, depending on the segment’s long term slip rate values and interactions. The Ekkara, Farsala, Rigeion, and Volos segments exhibit lower values of Tr equal to 140.49, 350.92, 205.02, and 149.19, respectively, since their slip rates are slightly higher than the other ones. Pagasai and Nea Agchialos segments exhibit considerably less frequent strong earthquake occurrence. These two segments could likely be characterized as auxiliary ones, playing a supportive role in stress accumulation and rupture propagation. In all these cases, either for larger or intermediate mean Tr, the values of the coefficient of variation, which range between 0.36 and 0.62 (Table 6), show a quasi-periodic recurrence behavior with a slight trend to a less periodic one for the Pagasai and Nea Agchialos fault segments.
TABLE 6 | Statistical parameters of the six segments of the Southern Thessaly Fault Zone as obtained from the best performing simulated catalog (Simulation 79; Ασ = 0.035 MPa, S-R = 0.15, A-R = 2) for the Mthr ≥ 6.0 adopted for the recurrence modeling.
[image: Table 6]In the next step of the recurrence modeling, two different approaches are adopted, aiming to assess whether the strong earthquake occurrence in each segment is better described by a memoryless Poisson process or by a renewal one. The Poisson process can be expressed by the exponential distribution with probability density function (pdf):
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where Tr is the mean recurrence time in each data sample. The cumulative density function (cdf) of the exponential distribution is then defined as:
[image: image]
For modeling the strong earthquake occurrence as a renewal process, the Brownian Passage Time (BPT) distribution (Matthews et al., 2002) is used. The pdf of the BPT model is given by:
[image: image]
where Tr is also the mean recurrence time and α is the aperiodicity, which can be considered as analogous of the coefficient of variation of the normal distribution and represents the level of the randomness model taking values between 0 and 1 (0 ≤ α ≤ 1) to address the physical meaning of the recurrence of strong earthquakes, whereas the cdf is given by:
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where [image: image] is the cdf of the normal distribution, and u1 and u2 are defined as follows:
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The comparison of the models is made in terms of their Akaike (Akaike, 1974) Information Criterion given by
[image: image]
where lnL and k stands for the value of the log-likelihood function and the number of parameters of the candidate model, respectively. The log-likelihood function of the Poisson process is defined by:
[image: image]
where N is the number of observations and t0 (N) is the occurrence time of the most remote event of the data sample, whereas the log-likelihood function of the BPT (or any other renewal model) is given by:
[image: image]
where Δt (j) is the interevent time between the jth and the jth 1 events and f (Δt) and F (t≤ Δt) are the pdf and cdf of the BPT distribution, respectively (Eqs 11, 12, respectively).
In this way, the two models are applied in each data sample of interevent times (ΔT) (Figure 9) and their corresponding log-likelihood values are calculated (Table 7). The results of these calculations reveal that the BPT model performs better than the Poisson model in all cases. In more detail, the BPT model is significantly better than the Poisson in the segments with larger numbers of observations, which are those with the lower values of Tr (Ekkara, Farsala, Rigeion, and Volos) and slightly better in the cases of large values of recurrence time and the larger values of Cv. This better performance of the renewal model adopted in this study suggests that an elastic rebound motivated behavior is more likely than the memoryless one.
[image: Figure 9]FIGURE 9 | Probability density functions of Poisson (red line) and BPT (blue line) models for the interevent times of strong earthquakes with Mthr ≥ 6.0 for the Ekkara (A), Farsala (B), Rigeion (C), Pagasai (D), Nea Agchialos (E), and Volos (F) fault segments. Black boxes indicate the density values of each bin of interevent times.
TABLE 7 | Log-likelihood and AIC calculated values of the Poisson and the Renewal models for the six segments of the Southern Thessaly Fault Zone for the Mthr ≥ 6.0 adopted for the recurrence modeling. Subscripts P and R indicate the Poisson and the Renewal models, respectively.
[image: Table 7]Additionally, an analysis of the implications of the BPT model in the strong earthquakes’ occurrence per fault segment might be useful, highlighting also differences between the models in the forecasting of strong earthquakes in the near future. This analysis is based on the estimation of the hazard function, H (t), for both the BPT and the Exponential models using the estimated mean recurrence time, Tr, and the corresponding coefficient of variation as obtained from the statistical analysis of the simulated catalog (Table 5). The hazard function of a given distribution can be easily evaluated using its corresponding probability density, f(t), and cumulative density, F(t), functions as follows:
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where S (t) is the survival function. Such an analysis is very useful for concluding future rupture scenarios. Specifically, the values of the hazard function or, in other words, the hazard rate, which is equivalent to the conditional probability estimate in a specific time span, could provide information on potential ruptures in the near future (Convertito and Faenza, 2014; Mangira et al., 2019).
In the current study, Eq. 18 is applied for both models (Eqs 9, 10 for the Exponential and Eqs 11, 12 for BPT models, respectively) for each of the six segments of STFZ. The estimated hazard functions are shown in Figure 10. Setting t = 0 as the occurrence date of the Mw ≥ 6.0 earthquake, it is derived that in all cases the values of the hazard function of the BPT model (blue lines) are very low soon after the occurrence of the earthquake and then they exhibit an increasing trend with time, taking its maximum value at some finite time close or soon after the mean recurrence time (black dashed lines).
[image: Figure 10]FIGURE 10 | Hazard functions, h (t), for the Ekkara (A), Farsala (B), Rigeion (C), Pagasai (D), Nea Agchialos (E), and Volos (F) Fault SEgments according to the BPT renewal model (blue lines) against the memoryless exponential (red lines) one. Green lines represent the elapsed time since the last earthquake (t = 0), while the dashed black lines the mean Tr of the Mw ≥ 6.0 as obtained from the statistical analysis of the simulated catalog (Table 5) for each one of the six segments.
In the cases of low to intermediate aperiodicity (Ekkara Fault Segment; α = 0.40, Farsala Fault Segment; α = 0.47, Rigeion Fault Segment; α = 0.53 and Volos Fault Segment; α = 0.36), showing high occurrence probabilities late in the earthquake cycle, flattening of the hazard function curve is achieved soon after the recurrence time. In the cases of higher aperiodicity, namely the Pagasai and Nea Agchialos Fault segments with aperiodicity equal to α = 0.60 and α = 0.62, respectively, the maximum value is temporally closest to the mean recurrence time, yielding higher values earlier in the seismic cycle. In contrast, the Exponential model returns a constant hazard rate independently of both the mean recurrence time and the calculated elapsed time (until 01–01-2020; green lines) since the last event in each segment.
Considering these results, along with the better performance of the renewal BPT model as resulted from the values of the Information Criteria (Table 6), the elastic rebound motivated rupture scenarios is clearly supported. Taking into account this remark and focusing on the mean recurrence time, and the elapsed time in each case, one can conclude that all six segments are far from a future rupture. This fact can be explained by the short elapsed time since the last event per segment, very short for the stress to be rebuilt and culminate in the next strong earthquake. Specifically, the hazard rate is almost zero and considerably far from their maximum values in the cases of Farsala, Pagasai, Nea Agchialos, and Volos fault segments, whereas for the corresponding values of the Ekkara and Rigeion fault segments, both are at the increasing part of their curves but far enough from their mean recurrence times (about 74 and 142 years, respectively) and their pick values.
DISCUSSION AND CONCLUSION
The application of the physics-based simulator algorithm in the STFZ produced a simulated seismic catalog lasting 10 kyr and containing 19,760 events with Mw ≥ 4.1, from which the 254 corresponds with Mw ≥ 6.0. This large number of simulated ruptures provides the ability of a thorough study of their recurrence properties o, since the number of observed ones is very limited. In the four out of the six fault segments only one observation is available. For example, only one earthquake with Mw ≥ 6.0 is known to have occurred since 1700 in the Ekkara fault segment, which is the largest segment with the largest observed earthquake. The simulated catalog manages to resemble the observed seismicity successfully, as its b-value is very close with the value calculated from the observations.
Some mismatches are found between the maximum observed magnitude per segment and the one resulted by the simulation approach. These differences may be ascribed to the fact that the majority of strong earthquakes occurred in the study area in the early instrumental period, the magnitudes of which are possibly overestimated. Such cases are the magnitudes of the 1954 and 1958 earthquakes with Mw = 7.0 and Mw = 6.8 that occurred in the Ekkara and Rigeion segments, respectively. By assessing the ISC-GEM instrumental earthquake catalog, these earthquakes are found to be reported with magnitudes equal to Mw = 6.66 and Mw = 6.40, in agreement with those of the simulated catalog.
Emphasizing on the strong earthquakes, both single and multiple segment ruptures are found in the simulated catalog. The multiple segment ruptures can be distinguished into two and three segment ruptures, with the majority of them be composed of two segments. This fact could be ascribed to the similarity of their long-term slip rates that promotes the participation of more than one segment in simultaneous ruptures. This conclusion is in agreement with the study of Scholz 2019, who suggests that the fault synchronization and rupture jumping phenomena are more likely in segments with equal or similar slip rate values.
The mean recurrence time, Tr, for the selected magnitude threshold, Mthr_≥6.0 can be separated in to classes, depending on the fault segments. The four segments with larger areas (larger L and W), namely the Ekkara, Farsala, Rigeion, and Volos, exhibit relatively moderate Tr values ranging from 140 to 350 years and values of Cv revealing a high periodic occurrence (0.36 ≤ Cv ≤ 0.53). The other class includes the two fault segments of Pagasai and Nea Agchialos, whose mean recurrence times are quite large. This latter class of segments could probably be characterized as auxiliary, since these segments participate more frequently in multiple ruptures. A remarkable feature of these two segments is that they exhibit more aperiodic behavior with values of Cv around 0.6 (Table 6). This behavior could be explained by the fact that the reset of stress possibly results in a delay in the strong earthquake occurrence.
The application of the Poisson model against the BPT model in interevent times of earthquakes with Mthr_≥6.0 reveals a considerably better performance of the renewal BPT model than the memoryless Poisson model in all fault segments of the STFZ, which is in agreement with the elastic rebound theory (Reid, 1911, and a rather quasi-periodic recurrence behavior, as derived from the analysis of their hazard functions in combination with the elapsed time since the last event per segment. It should be mentioned that these results are independent from the algorithm itself, since its operates without any assumption related with the temporal occurrence of the earthquakes. As a consequence, the comparison among the statistical models are applied without a null hypothesis that could promote one model against the other.
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