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Abstract

Large earthquakes mean recurrence time (T;) on specific fault segments is one of the primary input
parameters for developing long-term Earthquake Rupture Forecast (ERF) models in a specific time
span considering either a time-independent or an elastic rebound motivated renewal assumption.
An attempt is made to define Tr on the major fault segments comprised in Kefalonia Transform
Fault Zone (KTFZ), which is an active boundary demarcating from the west the area of central Ionian
Islands, namely Lefkada and Kefalonia, and is associated with remarkably high seismic activity.
Frequent large (M,, > 6.0) earthquakes are reported to have caused severe damage during the last six
centuries. Although the number of large earthquakes (including both historical and instrumental)
is satisfactory enough for regional hazard studies, their number become very limited when they are
subdivided into subsets assigned to specific fault segments. Physics-based earthquake simulators
are approaches to overcome recurrence intervals shortage, due to their ability to generate long
lasting earthquake catalogs. The application of a physics-based simulatorn the KTFZ, is attemped
upon a detailed fault network model and implemented multiple times and with a wide range of
input parameters, aiming at the definition of the most representative simulated catalog in respect
to the observed regional seismicity. The most representative simulated catalog is finally used for
investigating the recurrence behavior of large (M,, > 6.0) earthquakes and assessing whether the
renewal model performs better that the Poisson model, after considering both individual and multiple
ruptured segments scenarios.

Keywords: Physics-based earthquake simulator; Fault Interaction; Large Earthquakes Recurrence
Time; Statistical Analysis; Kefalonia Transform Fault Zone, Greece
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1. Introduction

Large earthquakes (e.g. M > 6.0) recurrence behavior on specific fault segments is one of the primary inputs for
developing long-term Earthquake Rupture Forecast (ERF) models [Field, 2015]. Such models are capable to return
the likelihood of the occurrence of near characteristic magnitude earthquakes [Schwartz and Coppersmith, 1984]
in a specific time span and can be based on either a time-independent or an elastic rebound motivated renewal
assumption. The key parameters of these models are the mean recurrence time, T,, of large earthquakes and
its aperiodicity, a [Convertito and Faenza, 2014]. In this respect, the identification of as many as possible large
earthquakes (during both the historical and instrumental periods) being associated with distinctive fault segments
is required for a precise and robust modelling of the recurrence time applications along with the selection of the
appropriate statistical model. However, the observational recurrence intervals for each fault segment is often
limited, ranging from 3 to 10 observations [Ellsworth et al., 1999; Sykes and Menke, 2006] due to the long duration
of the stress rebuilt and the shortage of earthquake catalogs. Additional data and methods such as palaeoseismic
records [e.g. Biasi et al., 2015], slip per event constraints [e.g Ogata, 2002] and statistical methodologies such as
Bayesian inference [Fitzenz, 2018] and the earthquake potential score (EPS) [Pasari et al., 2023] are often used in
order to refine the parameter space of recurrence models.

An alternative approach for supporting and improving the study of large 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 on well-known physical processes concerning
the stress transfer and frictional properties of the fault segments along with kinematic and dynamic constraints
[Tullis, 2012]. Starting from the first approaches of Rundle [1988], Robinson and Benites [1996] and Ward [2000],
the concept of modeling the seismogenesis process though physics-based simulator algorithms became widely
applied with several algorithms being proposed. Rundle et al. [2005] developed the Virtual California (VIRTCAL)
earthquake simulator, which considered the geometric properties of the fault segments of the San Andreas Fault
Zone to reproduce the seismicity associated with them according to the process of stress accumulation and release,
also including a rupture weakening mechanism. This algorithm has undergone successive modifications and its
current version has been renamed as Virtual Quake (VQ) [Schultz & Wilson, 2015; Schultz et al., 2017]. Dieterich &
Richards-Dinger [2010] and Richards-Dinger & Dieterich [2012] proposed the RSQSim simulator algorithm, which
also relies on the stress accumulation and includes the effect of the Rate and State Constitutive Law [Dieterich,
1994] in the seismogenesis process. The ViscoSim earthquake simulator proposed by Pollitz & Schwartz [2008] and
Pollitz [2011, 2012] is the only one that includes a viscoelastic model for the stress transfer and interaction between
faults and stress transfer.

Following this concept, Console et al. [2015] proposed a stress driven simulator algorithm based on the modeling
of the rupture growth, considering the long-term slip rate constraints on fault segments, that was firstly applied in the
Corinth Gulf fault system in Greece. Over the years, the simulation algorithm has undergone significant evolutionary
improvements, 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., 2018]. The latest
version of the algorithm [Console et al., 2020, 2022] 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. The
updated version of the simulator was successfully applied to model the seismicity of California [Parsons et al., 2018],
central Italy [Console et al., 2020] and certain fault zones in Greece [Mangira et al., 2020; Kourouklas et al., 2021a,b;
Console et al., 2022].

In the current study, this lately updated version of the simulator algorithm is applied in the Kefalonia Transform
Fault Zone (KTFZ). KTFZ runs along the western coastlines of the central Ionian Islands (Kelafonia and Lefkada),
accommodating right-lateral strike slip motion and constituting the most active seismic zone in the broader
Aegean area [Papazachos et al., 1998]. It is characterized by frequent occurrence of large (M,, > 6.0) earthquakes
during both the instrumental and the historical periods of seismicity [Papazachos and Papazachou, 2003]. Their
temporal occurrence pattern can be explained by triggering due to the stress transfer among the adjacent fault
segments [Papadimitriou, 2002]. This seismicity character provokes the detailed study of the recurrence times of
large earthquakes, which could form the basis for the statistical analysis of these earthquakes’ recurrence time
behavior. The major fault segments of KTFZ are modelled, for the investigation of their large earthquakes mean
recurrence time and their aperiodicity via the application and performance comparison of the Poisson model against
the Brownian Passage Time (BPT) renewal model.
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2. Seismotectonic Setting and Fault Network Definition of the KTFZ

The subduction of the oceanic lithosphere of Eastern Mediterranean under the continental Aegean microplate
is the leading mechanism of the active deformation of the Aegean region [Papazachos and Comninakis, 1971]. It
forms the Hellenic Arc (Figure 1), along with the extensional back Aegean arc region due to the roll back of the
subducted plate [LePichon and Angelier, 1979]. The Kefalonia Transform Fault Zone (KTFZ; red rectangle in Figure 1)
is recognized as the active boundary connecting the Hellenic subduction to the south and the continental collision
of the Adriatic microplate and the Eurasia lithospheric plate to the north, with the collision front to run parallel both
onshore and offshore along the western coastal areas of Greece and Albania [McKenzie, 1978; Clement et al., 2000].

The KTFZ is characterized by right-lateral strike slip motion with a thrust component [Scordilis et al., 1985;
Kiratzi and Langston, 1991; Papadimitriou, 1993; Louvari et al., 1999]. It is distinguished into two main branches,
namely the Lefkada branch in its northern part, striking NNE-SSW and the Kefalonia branch to the south with a
slightly different NE-SW strike. The mean thickness of the seismogenic layer along the KTFZ is equal to 12 km
[Hatzfeld et al., 1995]. The KTFZ exhibits the highest crustal deformation rates within the broader Aegean are,
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Figure 1. The active boundaries (solid yellow lines) and plate relative motions (red arrows) in the Aegean Sea area, along
with their respective velocities [Papazachos et al., 1998]. The Kefalonia Transform Fault Zone (KTFZ) is denoted
with the red rectangle.
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with rates presenting a gradual increase from north to south, taking values from 10 mm/yr for Lefkada Island up to
25 mm/yr for the southwestern margin of the Fault Zone [Kahle et al., 1996; Cocard et al., 1999]. Briole et al. [2015]
suggested slip rates equal to 19.5 mm/yr along the Paliki Peninsula, in the western part of Kefalonia Island. More
recently Briole et al. [2021] confirmed this gradual increase, proposing slip rates equal to 9.4 mm/yr in the northern
part (Lefkada Island) and 14.3 mm/yr for the Paliki Peninsula. They also concluded that the KTFZ is the only
region within the broader Aegean area where the tectonic deformation is fully coupled. This latter conclusion is in
agreement with the results of Jenny et al. [2004], who compared the short- and long-term seismic moment rates with
the long-term geodetic moment rates and showed that the total amount of the geodetic deformation is translated
into seismic activity.

Frequent large earthquakes (Mw > 6.0) reported in both historical and instrumental catalogues. The Mw > 6.0
earthquakes that occurred since 2003 (Figure 2; 2003 with M,,= 6.2 in the northern part of Lefkada; 2014 with
M,,=6.1 and 6.0 in the Paliki Peninsula in Kefalonia; 2015 with magnitude M,, = 6.5 in the southern part of Lefkada),
along with the one occurred offshore southeast of the Island of Kefalonia in 1983 with M,, = 7.0, attracts the research
interest [Karakostas et al., 2004; 2015, 2019; Ganas et al., 2016; Papadimitriou et al., 2017; Svigkas et al., 2019;
Kostoglou et al., 2020; Bonatis et al., 2021, among others] and thus a detailed segmentation model for KTFZ is
available. The KTFZ is composed of five major dextral fault segments with strikes ranging from 11° to 40°, having
lengths of 11-40 km and typical rake values for right-lateral strike slip faulting (Figure 2 and Table 1).

Starting from its northern part, along the western coasts of Lefkada Island, the Lefkada North and Lefkada South
segments (S1 and S2 in Figure 2, respectively) are considered. The Lefkada North segment (S1), associated with the
2003 M,, = 6.2 earthquake, exhibits a NNE-SSW strike (¢ = 18°), dips east-southeast at an angle of 60° (§ = 60°),
with a rake angle equal to -175° (A =-175°). Its dimensions equals to 16 and 10 km, for the length and the width,

Slip Rate
[mm/yr]
Lefkada North S1 18 60 -175 16 10 10 1,2
Lefkada South S2 22 64 179 20 12 12 2,3,4
Kefalonia North S3 12 57 157 12 10 19.5 56
Kefalonia South S4 12 57 157 12 10 19.5 56
Offshore Kefalonia S5 40 45 168 33 20 25 2,7
Ainos S6 300 35 100 35 24 4.9 8,9,10,11
Step Over #1 S7 85 65 28 7 7 8 5
Step Over #2 S8 85 65 28 7 7 8 5
Step Over #3 S9 85 65 28 7 7 8 5
(1)Karakostaset al.,2004; (2) Kahle et al., 1995; (3) Briole et al.,2021; (4) Papadimitriou et al., 2017; (5) Karakostas
et al., 2015; (6) Briole et al. 2015; (7) Skordilis et al.,1985; (8) Jenkins, 1972- (9) McKenzie, 1972; (10) Underhill,
1989; (11) D’Agostino et al., 2020.

Table 1. Geometric and kinematic parameters of the fault network model for Kefalonia Transform Fault Zone. The thickness
of the seismogenic layer is equal to 12 km for the entire the Fault Zone, with earthquake focal depths ranging
between 3 and 15 km.
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Figure 2. The recent (since 1953) large (M,, = 6.0) mainshocks occurred in Kefalonia Transform Fault Zone (yellow stars)
along with their fault plane solutions [McKenzie, 1972; www.globalcmt.org]. Red solid lines depict the 6 major
fault segments of Kefalonia Transform Fault Zone, along with the 3 secondary step over faults.
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respectively [Karakostas et al., 2004]. The Lefkada South segment (S2) is also striking NNE-SSW (¢ = 22°) and dips to
the east-southeast with a slightly larger angle equal to 64°, and rake angle equal to 179°. The Lefkada South segment
has a length equal to 20 km and a width equal to 12 km and is associated with the 2015 earthquake [Papadimitriou
et al., 2017]. Both fault segments are assigned with slip rates equal to 10 mm/yr (Table 1).

Moving to the south, in the western part of Kefalonia Island, the Kefalonia North and South fault segments
(S3 and S4, respectively, in map of Figure 2) are extended. These two segments exhibit common geometric and
kinematic characteristics and are associated with the 2014 Kefalonia doublet (the 26 January and the 3 February
2014 earthquakes with M,,=6.1 and M,, = 6.0, respectively). Specifically, their dimensions are equal to L =12 km
and w= 10 km, having a strike equal to 12° and dip at an angle equal to 57° [Karakostas et al., 2015]. The fifth and
largest fault segment of KTFZ, namely the Kefalonia Offshore Fault Segment (S5) is associated with the M,,=7.0
1983 earthquake (Figure 2 and Table 1), has dimensions equal to L = 33 km and w = 20 km, NE-SW strike (¢ =40°),
dip angle equal to 45° (§ =45°) and rake angle equal to 168° (1 = 168°) [Scordilis et al., 1985]. Karakostas et al. [2015]
proposed the existence of a transition zone of secondary parallel rather extensional step-over fault segments,
striking WSW-ENE ENE and connecting the Lefkada with the Kefalonia branches (Figure 2 and Table 1). The
southeastern part of Kefalonia Island is characterized by thrust faulting associated with the 1953 M,, = 7.2 large
earthquake [McKenzie, 1972; Stiros et al., 1994]. The causative fault of this large earthquake is the major thrust
fault segment, namely the Ainos segment (S6 in map of Figure 2). Ainos fault segment strikes NW-SE (¢ = 300°),
dips to NE and having rake angle 100°. Its length is equal to L = 35 km and its width is equal to w = 24 km [Jenkins,
1972; McKenzie, 1972; Underhill, 1989]. The Kefalonia North and South fault segments are assigned with slip rates
equal to 19.5 mm/yr, whereas the offshore Kefalonia fault segment is getting the largest values of slip rate equal to
25 mm/yr. Each one of the step-over minor fault segments are assigned with a slip rate equal to 8 mm/yr, also used
by Mangira et al. [2020]. Slip rate of the Ainos thrust fault segment is considered equal to 4.9 mm/yr, according to
D’Agostino et al. [2020] (Table 1).

3. Physics-Based Simulator Outline

We present a brief outline of the updated version of the algorithm proposed and improved by Console et al.
[2015,2017, 2018, 2020, 2022]. The simulator algorithm is based on several physical constraints, such the geometric
and kinematic parameters of a specific fault system. Each fault segment is represented as a quadrilateral plane
source, onto which a normal grid of square cells is superimposed. The long-term slip rate is considered as uniformly
distributed onto a certain fault segment which may 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 main improvement of the current version of the algorithm is that the nucleation process follows the Rate
and State Constitutive Law [Dieterich, 1994], leading to a probabilistic manner of nucleation [Console et al., 2020].
This is achieved by calculating the seismicity rate, R, in each cell with the equation:

r
R= (D

[exe (= 557) = 1] e (~55) + 1

where r is the reference seismicity rate of each cell (defined as the seismicity rate R when ACFF =0), ACFF is

the Coulomb Stress Change due to the coseismic slip of previous earthquakes, Ao is the constitutive parameter
expressing the response of the friction to a stress step change in a slip change [Toda and Stein, 2003], where 4 is a
dimensionless fault constitutive parameter and ¢ the normal stress [Toda et al., 1998], At is the time elapsed since

1
the stress change on a given cell and yj is the inverse of the reference tectonic stressing rate, %, (y, = —). The
Tr

reference seismicity rate adopted in the simulation, is obtained by dividing the slip rate of each fault segment in
the model by the slip pertaining to an earthquake of average magnitude, assuming a Gutenberg-Richter magnitude
distribution with b = 1, for earthquakes with magnitude exceeding the adopted threshold. Coulomb Stress Changes
are computed by the equation:

ACFF = At + 4/ Ao, 2)
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where At is the shear stress change in the slip direction, Ao, is the normal stress change, positive for extension
normal to the observational fault plane, and y’ is the apparent coefficient of friction.

Setting an initial value of At in (1) the expected number N of earthquakes in this time interval is estimated for
all cells from the occurrence rate. The probability of at least one earthquake occurring in the At is given by the
Poisson distribution. If at least one cell exists where this probability exceeds a random number between 0 and 1,
then the nucleation starts. If this is not the case, the probability is again computed for an increased value of At, and
continues until a nucleation takes place.

Once the nucleation process starts, the strength of neighboring cells of a certain fault segment is reduced,
resembling a weakening mechanism, and promoting the growth of the rupture. The length expansion of each
rupture is limited by a given number of times the width of the fault segment, discouraging the rupture propagation
in long distances. During the coseismic process, the stress decreases by a constant stress drop, Ap, in every cell
that participates in the rupture, whereas in the surrounding cells the stress changes are calculated according to the
ACFF (Eq. 2). A given cell can rupture more than once for the same earthquake. A rupture terminates when inside the
activated area there are no more cells with stress exceeding their strength. Coulomb stress changes also contribute
to the interactions among the causative and receiving segments, allowing the rupture expansion to neighboring
fault segments, which are located within a distance limit (e.g. 5 km).

There are three key input parameters that must be specified at the start of the simulation. The first one is the
product Ao of the Rate and State law, affecting the nucleation process, the second one is the Strength Reduction
Coefficient (S-R) associated with the fault weakening mechanism, governing the propagation of the rupture and
the third one is the Aspect Ratio (A-R) parameter that controls the rupture propagation over long distances.
The influence of the free parameters S-R and A-R was already analyzed by Console et al. [2015, 2017, 2018]. The
Strength-Reduction coefficient (S-R) mainly controls the ratio between the number of small to large events. Small
S-R corresponds to simulated earthquake catalogs with fewer large earthquakes than the ones produced by using
large parameter values. The effect of the Aspect-Ratio (A-R) value is mainly adjusts with the maximum magnitude
of the simulated catalog but neither with the total number of events nor with the b-value of the simulated catalogs.
Since the larger the A-R value the larger the expansion of a rupture will be, the maximum magnitude of the catalog
is also larger. Moreover, the main effect of Ao in the simulation procedure is related with the occurrence rate of
large earthquakes [Kourouklas et al., 2021b].

4. Application of the simulator algorithm to the KTFZ

We applied the simulator algorithm considering each one of the six major fault segments of KTZF as a rectangular
planar source, consisting of 0.5 x 0.5 km square cells, and their kinematic and geometrical parameters shown in
Table 1. Although the 3 minor step-over fault segment are not associated directly with large earthquakes, they are
also included in the fault network model, aiming at an as representative as possible simulation of the seismicity
within the KTFZ. The rigidity, y, is taken equal to 3.3 GPa (u= 3.3 GPa), and the stress drop, Ag, equal to 5.6 MPa
(Ao =5.6 MPa) [Margaris and Hatzidimitriou, 2002].

We then assigned values to the free key parameters Ag, S-R and A-R. A wide range of Ao values are proposed in
previous studies varying from 0.0012 to 0.6 MPa, as obtained from different earthquake sequences [Harris, 1998;
Harris and Simpson, 1998]. Since the value of the product Ao is not fixed, a range from 0.05 to 0.07 MPa with a
step of 0.01 MPa was tested in the current study. The fault weakening mechanism is rather uncertain, because the
relevant knowledge is based on indirect observations (e.g. past seismicity). Being a crucial factor of the simulator
procedure, a range of S-R values are also tested, starting from a value equal to 0.08, which represents strong faults,
up to the value of 0.3, which implies enhanced weakening. The A-R parameter is selected to be fixed and equal to 8
aiming to capture both the strike slip motion, which encourages large values of A-R, with the contribution of the
thrust component in the final tectonic setting of KTFZ. Summarizing, the combination of the values of the three
parameters was tested in the simulator application multiple times. Specifically, 12 different combinations stemmed
from the aforementioned parameters values ranges, corresponding to 12 different simulated catalogs. The duration
of each simulated catalog is set equal to 10 kyr with a warm-up period of 2 kyr, which were not taken into account
in the final results.

Each triplet of input parameters yielded a simulated catalog with different total number of earthquakes, maximum
magnitude, and b-values. The selection of the most representative simulated catalog is made after comparison
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with observational data, taken from the catalog of Papazachos et al. [2010] and the regional catalog of Geophysics
Department at the Aristotle University of Thessaloniki [1981, http:/geophysics.geo.auth.gr/ss]. Specifically, each
of the 12 simulated catalogs are compared with an integrated observational catalog that includes the earthquakes
with Mw > 4.0 from 1980, Mw > 4.5 from 1970, Mw > 5.0 from 1950, Mw > 5.5 from 1911 and Mw = 6.5 from 1845,
adopting the completeness thresholds suggested by Papazachos and Papazachou [2003].

The comparison is implemented by assessing the performance of each simulated catalog against the observational
one via the application of the two sample Kolmogorov—Smirnov (KS2) [Stephens, 1974] and the Wilcoxon Rank-
Sum (WR-S) [Wilcoxon, 1945; Mann and Whitney, 1947] tests, at a significance level of 0.05 (a =0.05). For this
purpose, the cumulative earthquake number N; of a certain simulated catalog for each magnitude bin is normalized
by the corresponding period (Nj/period, in years) and then compared with the corresponding occurrence rates of
the observational catalog, under the null hypothesis that the two rates come from the same population, against the
alternative hypothesis that they come from different populations.

The statistic of the two sample Kolmogorov—Smirnov test is defined as:
D = max(|F(x) — G(x)|). 3)

where F(x) and G(x) are the empirical cumulative distribution functions (ecdf) of the two samples. The Wilcoxon
Rank-Sum test compares two independent random variables F and ¢ 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 Wilcoxon statistic, T, is calculated from the sum of the ranks according to:

m
Te= ) R, @
i=1
and

T = ZRG]- ®)
j=1

The number of times that F;> G; in an ordered arrangement, so called the Mann-Whitney statistic Uis defined as:

U = min(Ug, Ug) ©6)
where
m(m+ 1)
Up = + > —Tr (7)
and
1
Ug = +n(n2+ )1, ®)

For both tests, the decision of rejecting or not the null hypothesis is based on the corresponding p-values,
compared with the significance level. If p-value is greater than a (p-value > «) then the null hypothesis can not be
rejected. On the contrary, if p-value is lower than a (p-value < «) the null hypothesis can be rejected.
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Simulation
#1
0.77 0.43
(0.05/0.08/8)
#2
0.91 0.44
(0.05/0.1/8)
#3
0.91 0.75
(0.05/0.2/8)
#4
0.66 1.00
(0.05/0.3/8)
#5
0.77 0.42
(0.06/0.08/8)
#6
0.92 0.57
(0.06/0.1/8)
#7
0.74 0.58
(0.06/0.2/8)
#8
0.66 1.00
(0.06/0.3/8)
#9
0.77 0.42
(0.07/0.08/8)
#1
0 0.92 0.53
(0.07/0.1/8)
#
1 0.85 0.75
(0.07/0.2/8)
#12
0.66 0.98
(0.07/0.3/8)

Table 2. p-values of the two sample Kolmogorov-Smirnov (KS2) and Wilcoxon Rank-Sum (WR-S) tests at 0.05 level of
significance (@ = 0.05) of the simulated versus observed annual occurrence rates.

Table 2 summarize the results of the applied tests for the comparison of the 12 simulated and the observational
catalog. It is distinguished that in all the 12 cases the p-values of both tests values are quite larger than the
significance level (0.05). Specifically, the p-values of the KS2 test range from 0.66 to 0.92, with 4 out of the 12 values
being larger than 0.90 (p-value >0.90), whereas the ones obtained from the WR-S test fluctuate between 0.42
and 1.0 (Table 2), showing a good performance with respect to the observational data. The case of the 6" simulation
exhibits the best performance among the 12 simulated catalogs according to the KS2 test, since its p-value became
the highest (p-value = 0.92). On the other hand, the p-value of the WR-S test is rather low (p-value = 0.57). Similarly,
the 8t simulation exhibits the best performance according to the WR-S with p-value equal to 1 (p-value = 1.0), while
the one of the KS2 test is again rather low (p-value = 0.66). The decision of the best performed simulated catalog is
made considering a common p-value threshold for both tests, which is equal to 0.75. The case in which the p-values
for both tests is larger than 0.75 is the one of the 3" simulation, for which the p-values of KS2 and WR-S tests are
equal to 0.91 and 0.75, respectively.

Figure 3 shows the summary of the annual occurrence rates of the 12 simulated catalogs (thin grey lines for the
11 out of 12 catalogs and thick blue line for the best performed one) in comparison to the occurrence rates of the
observational catalog (thick red line). The comparison among rates of the observational versus the best performed
catalogs reveals slight discrepancies in the magnitude bins from M,, = 4.1 to M,, = 4.5 but then adjusts with very good
agreement up to the magnitude bin of M,, = 6.8. For magnitudes of M,, = 6.9 and above large discrepancies are again
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Figure 3. Summary of annual occurrence rates of the 12 simulated catalogs (thin grey lines), using different combination
of the free input parameters (Ao, S-R, A-R). Annual occurrence rates of the best performed simulated catalog
(Simulation 3; Ao =0.05 MPa, S-R=0.2, A-R=38) is represented by the thick blue line, and the rates of the
observational catalog with the thick red line.

observed, with the maximum reported simulated magnitude equal to M,, = 7.0, even though the maximum observed
magnitude of the observational catalog is equal to M,, = 7.4, corresponding to a historical large earthquake, which
is likely overestimated. The best performed simulated catalog (4g = 0.05 MPa, S-R =0.20, A-R = 8) is then used for
the investigation of the large earthquakes recurrence pattern in KTFZ.

5.Large earthquakes (M,, > 6.0) Recurrence Models

For proceeding to the estimation of the large earthquakes mean recurrence time, T,, a series of criteria are
specified. Firstly, the minimum magnitude threshold above which the earthquakes may be considered as nearly
characteristic, is set equal to 6.0 (M;,;; = 6.0). Such earthquakes are corresponding to a group of 330 ruptured cells.
Since it is very likely that the resulting ruptures will be much larger than the sum of 330 cells, according to the
geometrical properties of four out of six fault segments (Lefkada North and South, offshore Kefalonia and Ainos
fault segments; Table 1), and the ability of the algorithm to allow the rupture propagation within adjacent fault
segments, an additional magnitude threshold equal to 6.8 (M;,.;; = 6.8) corresponding to at least 2065 ruptured cells,
is also considered. Each earthquake above both magnitude thresholds is initially assigned to the segment where
the nucleation starts. Additionally, the same earthquake is also assigned to more segments, if the corresponding
rupture covers more than the 75% of the fault segment’s area.

Considering the aforementioned rules, a detailed analysis of the ruptures resulted to My,,;= 6.0 and My,;; = 6.8
earthquakes was carried out. The simulator returns 1333 earthquakes with M;;,,; = 6.0 in the best performed simulated
catalog, from which the 219 are above My, (M7= 6.8), during the 10kyr. Table 3 summarizes the results of this
analysis per fault segment. The Lefkada North and South fault segments participate in both single and multiple

10
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ruptures resulting in earthquakes with magnitude up to M,, = 6.6. The three Kefalonia fault segments accommodate
larger magnitude earthquakes, above the second higher magnitude threshold (with maximum magnitude equal to
M,,=17.0). Both results are consistent with the observations. The only case of single segment ruptures concerns
the Ainos fault segment because it is isolated from the other ones and perhaps due to its different type of faulting.

Single Multiple Ruptures Ruptures Maximum

Fault Segment Segment Segment above above Simulated

Ruptures Ruptures Mip1= 6.0 Miprr=6.8 Magnitude
Lefkada North 74 92 166 — 6.6
Lefkada South 55 94 149 — 6.6
Kefalonia North 104 104 208 45 7.0
Kefalonia South 84 110 194 51 7.0
Offshore Kefalonia 363 97 460 95 7.0
Ainos 95 — 95 28 7.0

Table 3. Summary of single and multiple ruptures for the magnitude thresholds My,,;= 6.0 and M;,;;= 6.8 for the five
fault segments of KTFZ and Ainos thrust fault along with their maximum simulated magnitude values obtained

from the best performing 10 kyr simulated catalogue.

Moving to the investigation of the, T}, two different approaches are followed, aiming to assess whether the large
earthquake occurrence in each fault segment is better described by the Poisson or by a renewal process. Poisson
process can be expressed by the exponential distribution with probability density function (pdf) given by:

Felt) = e - ©

where T, is the mean recurrence time in each data sample. For modeling T, as a renewal process the widely used
Brownian Passage Time (BPT) distribution [e.g. Bantidi, 2022] proposed by Matthews et al. [2002] is applied. The
pdf of the BPT model is given by:

1
T, \2 t—T,)?
11 = (grg) e {‘ %} (10

where T, is the mean recurrence time and « is the aperiodicity, which can be considered as the analogous of the
coefficient of variation of the normal distribution. It represents the level of the randomness taking values between 0
to 1 (0<a<1)to address the physical meaning of the recurrence of large earthquakes. The parameters of both models
are estimated through the Maximum Likelihood Estimation (MLE) method, along with their respective 95 per cent
confidence intervals. The log-likelihood function of the Poisson process is defined by:

1)_t0(N) (11

InLp = (N —1)In (f Tr
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where N is the number of observations and to(N) is the occurrence time of the most remote event of the data sample,
whereas the log-likelihood function of the BPT distribution is given by:

SO FAE) ) beY)
inloer = Z;=1 i {1 —F(t< At(j))} T, a2

where At(j) is the interevent time between the jth and the jth + 1 earthquakes and f(4t) and F(t < At) are the pdf
and the cumulative distribution function (cdf) of the BPT distribution, respectively. The performance of the applied
models is examined in terms of their Akaike [Akaike, 1974] Information Criterion given by

AIC = =2InL + 2k (13)

where InL and k stands for the value of the log-likelihood function and the number of parameters of the assessed
model, respectively.

Results of the MLE approach for both models and for the lower magnitude threshold (M;;,;= 6.0) are shown in
Table 4 and Figure 4. The MLE method is implemented in the Lefkada North and South and in the Kefalonia North
and South fault segments because their dimensions (Table 1) are compatible with this magnitude threshold as the
characteristic one. It appears that the Kefalonia North and South Fault segments exhibit smaller mean recurrence
times (equal to 48.24 and 51.53 years, respectively) than the Lefkada North and South segments (T} equal to 60.14
and 67.26 years, respectively) due to their larger slip rate. The estimated aperiodicity, «, values of the Kefalonia North
and South fault segments (equal to 0.63 and 0.66, respectively) are slightly larger than the ones of Lefkada segments,
taking values equal to 0.48 and 0.51, respectively. The comparison of the applied models via the calculation of their
respective AIC values reveals that in all the four cases the renewal model performs better than the Poisson model,

Mihr1= 6.0
Fault Segment
Exponential logLgpt
T,=60.14 yrs
55.74, 64.53 T, = 60.14
Lefkada North [55.74, 64.53] r IS 769.28 | -840.96 = 1532.56 | 1683.92
a=0.48 [51.92, 70.48]
[0.42, 0.53]
T,=67.26 yrs
61.78, 72.75 T, = 67.26
Lefkada South [61.78, 72.75] r b 70923 | -770.8 | 1422.46 | 1543.76
=051 [57.62, 79.56]
[0.44, 0.57]
T,=48.24 yrs
44.10, 52.38 T, =48.24
Kefalonia North | |+ r10,52.58] r YIS ~945.67 | -1009.39 | 189534 | 2020.71
«=0.63 [42.29, 55.55]
[0.56,0.70]
T,=51.53yrs
46.72, 56.33 T,=51.53
Kefalonia South | | | r s ~903.88 | -953.84 | 1811.76 | 1909.68
a=0.66 [44.96, 759.65]
[0.59, 0.73]

Table 4. MLE parameters estimates of the BPT (T, and a) and exponential (T,) distributions, along with their respective
95% confidence intervals and their respective AIC values for the Lefkada North and South and Kelalonia North
and South fault segments for large earthquakes with My,,; = 6.0.
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Figure 4. Probability density functions of Exponential (green lines) and BPT (red lines) distributions for the interevent
times of large earthquakes with M;;,,; > 6.0 for the Lefkada North, Lefkada South, Kefalonia North and Kefalonia
South fault segments.

since its values are significantly smaller (Table 4). Figure 4 shows the probability density functions of both models
along with the interevent times of simulated earthquakes with My,,;> 6.0, which graphically evinces the better fit
of the BPT distribution to the data in all cases.

The statistical analysis is then applied in recurrence intervals between successive earthquakes with My, ;; = 6.8
of Kefalonia North and South, offshore Kefalonia and Ainos fault segments, as reported in the best performed
simulated catalog. It is worth to note that Kefalonia North and South fault segments participates only in multiple
segment ruptures with My, ;; = 6.8, either rupturing together or playing a supportive role in ruptures nucleated
on the offshore Kefalonia fault segment. The later segment is also participating in single segment ruptures
with My, = 6.8. As already stated, Ainos fault is the only one that ruptured individually in earthquakes with
My = 6.8.

Focusing in the results of the statistical analysis for the higher magnitude threshold (Table 5), the estimated T,
values are fluctuating between 103 and 339 years. Offshore Kefalonia fault segment, assigned with the largest slip
rate, exhibits the smallest mean recurrence time equal to T, = 102.92 years. Additionally, its recurrence behavior is
quasi-periodic according to the renewal model, since the estimated aperiodicity value is equal to @ = 0.58 (Table 5).
The mean recurrence time, T}, of the Kefalonia North and South fault segments is rather high equal to 216.75 and
180.56 years, respectively, indicating that these segments participate less frequently in multiple ruptures. Their
aperiodicity values indicate a high aperiodic recurrence behavior, taking values equal to «a=0.73 and a =0.83,
respectively.

The largest mean recurrence time is observed in the simulated earthquake data of Ainos fault segment.
Specifically, its estimated value is equal to T, = 338.95 years, whereas its aperiodicity is equal to « = 0.35 according
to the BPT model. This aperiodicity value highlights the Ainos fault segment as the one with the most periodic
recurrence behavior associated with M,y = 6.8 earthquakes. The corresponding values of the AIC (Table 5) again
show that the renewal model performs better than the Poisson model, since in all cases the respective values are
lower. This results could also be extracted from the visual comparisons among the respective probability density of
the two applied distributions with respect to the interevent times data (Figure 5).
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Mihr1= 6.8

Fault Segment

Exponential

T,=216.75 yrs
[169.61, 263.88] T,=216.75 yrs
a=0.73 [164.65, 298.30]
[0.56,0.91]

T,=180.56 yrs
[138.81,222.31] T,=180.56 yrs
a=0.83 [139.37, 243.28]
[0.64, 1.00]

T,=102.92 yrs
[90.83, 115.01] T,=102.92 yrs

Kefalonia North -270.81 -280.66 545.62 563.32

Kefalonia South -302.93 -309.80 609.86 621.60

Offshore Kefalonia -496.09 -529.59 996.18 1062.18

«=0.58 [84.92, 127.36]
[0.49, 0.67]
T,=338.95 yrs
204.26,383.64] = T,=338.95
Ainos [ | r YIS 1 59631 | -573.56 | 1056.62 | 1149.12
x=0.35 [240.23, 514.34]
[0.25, 0.44]

Table 5. MLE parameters estimates of the BPT (T, and «a) and exponential (T,) distributions, along with their respective
95% confidence intervals and their respective AIC values for the Kelalonia North and South, offshore Kefalonia
and Ainos fault segments for large earthquakes with My, ;> 6.8.
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Figure 5. Probability density functions of Exponential (green lines) and BPT (red lines) distributions for the interevent
times of large earthquakes with My,;;> 6.8 for the Kefalonia North, Kefalonia South, offshore Kefalonia and
Ainos fault segments.

14



Simulated Recurrence Times along KTFZ
6. Concluding Remarks

The successful application of the physics-based simulator algorithm in the fault segments of KTFZ has allowed
the compilation of a simulated seismic catalogue lasting 10 kyr and containing 99862 earthquakes with M >4.1,
from which the 1333 are above the magnitude threshold of M > 6.0. The simulated catalogue achieves the replication
of the observed seismicity, as the annual earthquake occurrence rates estimates are in good agreement with
the observational data. The large number of the reported M > 6.0 earthquakes provides a sufficient number of
earthquakes per certain fault segment, in order to study their recurrence behavior.

Emphasizing the large earthquakes occurrence, both single and multiple segmented ruptures are reported
in the best performed simulated catalogue. A remarkable point arising from the results of the multiple ruptures
is that the Kefalonia fault segments (Kefalonia North, Kefalonia South and offshore Kefalonia fault segments)
are participating more frequently in multiple segment ruptures rather than the ones of Lefkada Island (Lefkada
North and South). Their multiple segment ruptures are resulting in simulated earthquakes with magnitudes up
to M,,= 1.0, whereas the maximum magnitude of Lefkada North and South segments reaches M,, = 6.6, in good
agreement with the maximum observed magnitudes. The Ainos thrust fault segment in the eastern part of Kefalonia
Island is the only one that ruptured individually, due to its large distance from the other fault segments and its
considerable lower slip rate.

The estimated mean recurrence times, T, for the lower magnitude threshold, My, ;= 6.0, exhibits slight
differentiation between the Lefkada (North and South) and Kefalonia (North and South) fault segments. Specifically,
T, is taking values of about 60-70 years for the Lefkada North and South segments, and it is equal to almost
50 years for the Kefalonia North and South ones. When the magnitude threshold of My,,;;= 6.8 is considered the
differentiations of T, are becoming more significant among segments. More specifically, T, is ranging between
102.92 and 338.95 years for the four segments (Kefalonia North and South, offshore Kefalonia and Ainos), when
the My, ;1= 6.8 is set. The comparison between the memoryless Poisson and the BPT models by applying the Akaike
Information Criterion reveals that in all cases and for both magnitude thresholds the renewal performs better than
the Poisson model. This result supports the elastic rebound motivated behavior [Reid, 1911] of the large earthquakes
occurrence in KTFZ.

Following the results of model comparison, the estimated aperiodicity, a, values of the BPT distribution
indicate that the occurrence of large earthquakes with My,;= 6.0 is characterized by quasi-periodic behavior.
Specifically, the Lefkada North and South segments are resulting in aperiodicity values equal to ¢ =0.48 and
a =0.51, respectively, whereas the Lefkada North and South faults are taking values equal to « =0.63 and a = 0.66,
respectively. Recurrence behavior of earthquakes with My, ;; > 6.8 exhibit larger variations from one segment to
another. Ainos fault segment is the one with the most periodic behavior (a« = 0.35), possibly due to the fact that it
is isolated from the other ones and does not interact with them. For the other three segments in Kefalonia Island,
namely the offshore Kefalonia, Kefalonia North and Kefalonia South, the aperiodicity indicates variation from
quasi-periodic behavior for the offshore Kefalonia segment to highly aperiodic for Kefalonia North and Kefalonia
South fault segments.

These results offer valuable insights into the occurrence of large earthquakes along KTFZ and hold significant
potential when combined with additional observational data. They can contribute to the development of robust
models for forecasting large earthquake occurrences and generating Earthquake Rupture Forecasts over a specific
time span. These forecasts can be based on both single and multiple rupture scenarios for the fault zone.
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