
Vol.: (0123456789)

J Seismol 
https://doi.org/10.1007/s10950-024-10242-3

RESEARCH

A logic‑tree based probabilistic seismic hazard assessment 
for the central ionian islands of cephalonia and ithaca 
(Western Greece)

George Kaviris · Angelos Zymvragakis · Vasilis Kapetanidis · Vasiliki Kouskouna · Ioannis Spingos · 
Nikolaos Sakellariou · Nicholas Voulgaris

Received: 26 February 2024 / Accepted: 28 August 2024 
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Abstract  The Central Ionian Islands of Cephalo-
nia and Ithaca belong to the most seismically active 
Greek region, mainly due to the presence of the dex-
tral Cephalonia-Lefkada Transform Fault Zone. The 
study area has experienced strong earthquakes in 
the twentieth century, including the destructive 1953 
sequence with maximum intensity 9.0. The Paliki 
peninsula, western Cephalonia, hosted two strong 
earthquakes (Mw = 6.1 and 5.8) in 2014, with ground 
acceleration reaching ~ 560  cm/s2 and 735  cm/s2, 
respectively. This study updates the seismic hazard 
evaluation in Cephalonia and Ithaca using new data 
and computational techniques to reduce epistemic 
uncertainties. The probabilistic approach of Cornell 
and McGuire was used, and the uncertainties are 
reduced through data variability of the source models, 
seismicity data, and Ground Motion Prediction Equa-
tions using a logic tree approach, sampled by imple-
menting the Latin Hypercube Sampling method. The 
spatial distribution of Peak Ground Acceleration and 
Peak Ground Velocity for return periods of 475 and 

950 years indicates low variation in the entire study 
area and that the Paliki peninsula possesses the high-
est level of seismic hazard. Additionally, site-specific 
analysis across the three main towns, Lixouri and 
Argostoli in Cephalonia and Vathi in Ithaca, reveals 
that Lixouri has the highest level of seismic hazard, 
while Vathi the lowest.

Keywords  Probabilistic seismic hazard · Ground 
motion parameters · Logic tree · Epistemic 
uncertainty

1  Introduction

The Ionian Islands, in Western Greece, are widely 
recognized as an area of high seismic activity and are 
among the most seismically active regions in Europe. 
Specifically, the Central Ionian Islands (Fig. 1) stand 
out as the most seismically hazardous area in Greece 
(EAK 2003). Cephalonia Island, in particular, has 
hosted two Mw ≥ 6.7 earthquakes (Makropoulos 
et  al. 2012) within a 30-year span. Therefore there 
is an obvious need of a new seismic hazard assess-
ment with updated seismicity data and sophisticated 
statistical techniques to reduce epistemic uncertainty, 
performed with modern software, is crucial for urban 
planning to mitigate seismic risk.

Seismic hazard is dedicated to investigating the 
phenomena triggered by earthquakes, with ground 
motion being the most significant as it acts as catalyst 
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for potential secondary catastrophic events like rock-
falls and liquefaction (Wang 2005). To assess seismic 
hazard, we quantify ground motion by estimating 
Intensity Measurement Types (IMT), such as Peak 
Ground Acceleration (PGA), Peak Ground Velocity 
(PGV) and Spectral acceleration (Sa), through sta-
tistical methods (Gumbel and Lieblein 1954; Cor-
nell 1968). The most common approach to compute 
the aforesaid parameters is the classic probabilistic 
method, initially proposed by Cornell (1968) and later 
commercialized by McGuire (1976), that introduces 
the usage of a seismotectonic model. Given the high 
seismicity of Greece, many seismic hazard assess-
ment studies have been conducted, dating as far back 

as 1985 (Makropoulos and Burton 1985) and continu-
ing to the present (Bonatis 2020; Bonatis et al. 2021; 
Pavlou et al. 2021; Kaviris et al. 2022a, 2022b, 2023).

Earthquakes in the area of the Central Ionian 
Islands have produced high PGA values. For exam-
ple, the two 2014 Cephalonia major events produced 
ground acceleration of about 560 cm/s2 and 735 cm/
s2, respectively (Kassaras et  al. 2017). These values 
well exceed the regulations proposed by the 2003 
National Building Code (EAK 2003), which is a 
PGA value of 0.36 g (~ 350 cm/s2) for a return period 
of 475  years. Such a difference between recorded 
ground motion values and the regulations highlights 
the need for an updated seismic hazard model. To 

Fig. 1   Map of the Central Ionian Islands in Western Greece 
(red rectangle in the inset map of Greece), presenting the seis-
micity catalogue of Makropoulos et  al. (2012), covering the 
period 1900–2009, extended up to 2019 (this study). (Right) 
Close-up of the Cephalonia and Ithaca Islands. Earthquakes 
with Mw ≥ 5.8 are presented as stars. The dates and magnitudes 

of significant earthquakes of the period 1900–2019 are marked 
on the map. The simple fault lines are from the NOAFAULTs 
v5.0 database (Ganas et al. 2013a; Ganas 2023). Barbed bold 
lines indicate thrust faults (Lekkas et  al. 2001; Pérouse et  al. 
2017). CLTFZ: Cephalonia-Lefkada Transform Fault Zone; 
NAF: North Anatolian Fault
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this extent, previous studies have been conducted for 
Cephalonia and Ithaca, as evidenced by the work of 
cited researchers (Bonatis 2020; Bonatis et al. 2021; 
Sakkas et  al. 2022). Those studies estimate a PGA 
range of 200 – 900 cm/s2 for the study area. Objective 
of the present study, in line with Cornell’s insights, is 
to investigate the possibility of reducing the consider-
able uncertainties regarding seismogenic sources and 
seismic wave attenuation. The latter can be achieved 
by introducing a complex logic tree approach to esti-
mate ground motions.

In this work, we assess seismic hazard by estimat-
ing PGA and PGV for Cephalonia and Ithaca, and Sa 
exclusively for the most populated localities of these 
islands, i.e. Lixouri, Argostoli, and Vathi. To mitigate 
uncertainties, we have developed an extensive and 
“non–trivial” logic tree decision diagram for estimat-
ing IMT. In addition, we adopt a stochastic statistical 
sampling method to capture a substantial portion of 
the Probability Density Function (PDF) for each IMT. 
By executing these techniques, the goal of this study 
is to effectively reduce the prevailing uncertainties 
and establish an accurate seismic hazard model that 
will have the potential to be applied in more precise 
seismic risk assessments for this highly seismically 
active study area. The incorporation of the complex 
logic tree approach, combined with stochastic sam-
pling techniques, has resulted in a seismic hazard 
model that significantly reduces epistemic uncertain-
ties. This is particularly crucial given the high seis-
micity of the study area.

2 � Seismotectonic setting and historical 
background

The heightened seismic activity in the area of the 
Central Ionian Islands is mainly attributed to the 
presence of the Cephalonia-Lefkada Transform Fault 
Zone (CLTFZ), a dextral plate boundary trending 
SSW-NNE (Fig. 1). This fault zone bounds the west-
ern coasts of Cephalonia and Lefkada Islands and 
intersects with a complex network of onshore active 
faults. The CLTFZ, roughly outlined by the SSW-
NNE alignment of the earthquake epicenters, serves 
as a link between the NW–SE-trending major fea-
tures of the Hellenic Arc in the south, and the colli-
sion front of the Apulian platform with the Hellenic 
foreland in the north. This configuration creates a 

shear zone of intense deformation, leading to major 
earthquakes that have caused substantial damage and 
loss of life in the recent past, particularly on Cepha-
lonia and Ithaca Islands. The CLTFZ exhibits a strike 
of ~ N15°E on the latitude of Lefkada Island, while 
further to the south, its trend shifts to ~ N30°E as it 
passes offshore Cephalonia (Fig.  1). The northern 
right-lateral Lefkada segment that lies between the 
NW offshore part of Lefkada and the northern off-
shore part of Cephalonia is 40  km long and ESE-
dipping (Underhill 1989; Louvari et  al. 1999). The 
southern Cephalonia segment, located close to the 
western offshore part of Cephalonia, is 90  km long 
and has similar geometry and kinematic properties 
to the Lefkada segment, as proven by geological and 
tectonic data (Sachpazi et  al. 2000; Kokinou et  al. 
2006). The two slightly offset segments of the CLTFZ 
interact within Myrtos Gulf at northern Cephalonia, 
likely forming a transfer zone of extensional step-
overs (Karakostas et  al. 2015). The regional crustal 
stress field promotes strike-slip faulting (Kapetan-
idis and Kassaras 2019), but the convergence of the 
African plate with the Aegean microplate introduces 
compression in a WSW-ENE direction. Differential 
GPS measurements have revealed a clockwise rota-
tion of Cephalonia Island, relative to a station located 
on Aenos mountain, with the largest values observed 
at the western (Paliki) and northern (Erissos) parts of 
the island (Lagios et  al. 2007). The broader area of 
Cephalonia features east-dipping NW- to NNW-strik-
ing thrust structures (Stiros et  al. 1994), which may 
sporadically undergo seismic reactivation, resulting in 
earthquakes with a significant reverse dip-slip com-
ponent. The Ionian Thrust traverses the southeastern 
part of Cephalonia Island and likely extends offshore, 
passing between Cephalonia and Ithaca (Underhill 
1989). Additional thrust structures are observed at 
Aenos Mountain and Argostoli, extending northward 
and separating Paliki from the rest of Cephalonia.

Cephalonia has a historical record of significant 
earthquakes. The SHEEC catalog (Stucchi et  al. 
2013) and the AHEAD database (Albini et al. 2013) 
contain 14 historical earthquakes occurring between 
1469 and 1867 with macroseismic epicenters near 
Lixouri and Argostoli. During the twentieth cen-
tury, a significant Mw = 6.1 earthquake occurred on 
12 January 1912, south of Argostoli (Makropoulos 
et al. 2012; Fig. 1), killing 8 people and injuring 40 
in Poros (Papazachos and Papazachou 2003). Its focal 
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mechanism, estimated from the directivity of macro-
seismic data, indicates strike-slip faulting (Papaza-
chos et  al. 1999). Another major earthquake of 
Mw = 6.1 occurred on 27 January 1915 near Ithaca. It 
also exhibited an estimated dextral SW-NE strike-slip 
focal mechanism and was responsible for the collapse 
or extensive damage of many houses.

On 9 and 11 August 1953, two earthquakes of 
Mw = 5.9 and 6.6, respectively, occurred east of Ceph-
alonia Island, the latter with an epicenter on Ithaca 
Island. They were followed on 12 August by an even 
larger earthquake of Mw = 7.0 at the southeastern part 
of Cephalonia Island, with a location error estimate 
of ~ 50  km (Anderson and Jackson 1987). Its focal 
mechanism, determined from first motion polarities, 
indicates reverse faulting in a NNW-SSE direction 
(McKenzie 1972), although estimates from macro-
seismic data suggest strike-slip faulting (Papazachos 
et  al. 1999). The latter discrepancy is indicative of 
the significant uncertainties associated with the deter-
mination of fault parameters for earthquakes of that 
period, when data availability and quality was rather 
poor. However, in both instances, the P-axis aligns 
with the direction of maximum horizontal compres-
sion (Kapetanidis and Kassaras 2019), as well as 
with the direction of shortening (N258°E) in the area 
of the Central Ionian Sea, maintaining an extension-
to-shortening ratio of 1:3 (Ganas et  al. 2013b). The 
maximum intensity value of the 1953 earthquakes 
at Cephalonia Island was Imax = 9/10, observed at 
five localities, among which Argostoli and Lixouri 
(Sakkas et  al. 2010), however estimated even higher 
due to cumulative damage. The 1953 earthquake 
sequence, also known as the “Great Cephalonia (Ion-
ian) earthquakes” (Kouskouna et  al. 2021), being 
the most destructive of the modern era in Greece, 
occurred when no antiseismic measures were taken 
in the country. This sequence initiated the imple-
mentation of the first, even simple and not adequate, 
National Building Code, in 1959, to mitigate the risk 
from seismic hazards in Greece.

Another significant earthquake was an Mw = 6.7 
event that occurred on 17 January 1983, approx. 
15 km southwest of Paliki. Due to its offshore epi-
center, it was reportedly felt to Cephalonia Island 
(EMS intensity IV at Argostoli), whereas its strong-
est aftershock, on 23 March 1983, was more damag-
ing (max intensity VII), as its epicenter was located 
further north, closer to the island. The mainshock 

has been interpreted as a strike-slip rupture on a 
southeast-dipping fault with a relatively low angle 
(Papadimitriou 1988), likely with a thrust compo-
nent (Scordilis et al. 1985). A similar faulting type, 
i.e. dextral strike-slip on an east-dipping low-angle 
fault, was determined for a recent major earthquake 
(Mw = 6.7) that occurred southwest of Zakynthos 
Island on 25 October 2018 (Papadimitriou et  al. 
2021).

The most recent major seismic activity on Ceph-
alonia Island comprised of an earthquake “dou-
blet” that occurred on 26 January and 3 Febru-
ary 2014, with Mw = 6.1 and 5.8, respectively, on 
Paliki (Papadimitriou et al. 2014; Karakostas et  al. 
2015; Karastathis et  al. 2015; Sokos et  al. 2015). 
Moment tensor inversions for both events support 
dextral strike-slip faulting on SSW-NNE-trending, 
steep-dipping faults, with most solutions indicating 
a slight tilt toward an east-dipping direction. Sec-
ondary N-S- to SW-NE-oriented surface ruptures 
observed at the central and northern part of Paliki 
peninsula after these earthquakes also indicate dex-
tral strike-slip kinematics (Valkaniotis et al. 2014). 
Fault plane models, constructed using the observed 
co-seismic deformation, reveal that the two earth-
quakes occurred on two sub-parallel fault segments, 
in the southern and the northern parts of the Paliki 
peninsula, respectively (Sakkas and Lagios 2015). 
Coulomb stress transfer due to the 2014 earthquake 
“doublet” may have accelerated the occurrence of a 
major earthquake (Mw = 6.3) on 17 November 2015 
(Papadimitriou et  al. 2017) on Lefkada (Fig.  1); 
an area that was already stress-loaded after the 
Mw = 6.3 earthquake of 14 August 2003 (Papadimi-
triou et al. 2006).

The 1953 earthquake sequence on Cephalonia is 
among the most significant ones to have occurred in 
Greece during the instrumental period, leaving a pro-
found societal imprint. The devastation was extended 
on the islands of Cephalonia, Ithaca, and Zakynthos, 
resulting in the destruction of ~ 83% of the build-
ing stock. The human toll was significant, with 455 
fatalities, 21 individuals reported missing and 2412 
people sustaining injuries (Papazachos and Papaza-
chou 2003). It was also the cause of a decline in the 
population of Cephalonia, Ithaca, and Zakynthos 
during the following decades, as people abandoned 
the islands and migrated mainly to urban centers of 
Greece or abroad (Mavroulis and Lekkas 2021).
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3 � Methodology, input data and model parameters

The PSHA results of the approach introduced by 
Cornell (1968) and McGuire (1976) are in the form 
of annual probabilities of surpassing specific random 
values of acceleration, velocity, or spectral accelera-
tion. Subsequently, the final output consists of PGA, 
PGV, or Sa levels corresponding to the selected 
return period. A pioneering aspect of this methodol-
ogy, at the time of its inception, was the incorpora-
tion of a source model to depict the seismotectonic 
attributes of each study region. These models are 
classified according to the knowledge of the existing 
active faults within a region. For instance, a model 
may include the actual fault sources of the study 
area and report the annual exceedance rates for each 
magnitude bin per fault. This requires a good aware-
ness of the dynamic characteristics of each fault. On 
the other hand, a source area model takes the form 
of polygons where seismicity is distributed, follow-
ing a normal distribution within each polygon, and 
all attributes are consistent. This model type is typi-
cally employed in regions where the occurrence rates 
of all potential active faults are not well documented 
or are unmapped. This is partly the situation in our 
study area, Cephalonia and Ithaca, where the majority 
of active faults are offshore, and their dynamic char-
acteristics are not known in detail. Consequently, the 
source area type of model was adopted for this study.

The use of a single model may introduce high 
epistemic uncertainties regarding the seismologi-
cal attributes of the broader study area. A conven-
tional strategy for addressing epistemic uncertain-
ties in PSHA involves introducing variability in the 
input data (Bommer and Scherbaum 2008; Atkin-
son et al. 2014; Marzocchi et al. 2015; Kaviris et al. 
2023). To address this concern, we integrated three 
models into our computational framework, i.e., the 
European Seismic Hazard Model 2013 (ESHM13) 
by Woessner et  al. (2015), its subsequent update, 
ESHM20, developed by Danciu et  al. (2021), and 
the local Ionian–Island source area model formu-
lated by Bonatis (2020), herein referred to as BON20. 
Visual representations of these models are available 
in Fig. 2a–c. ESHM13, ESHM20, and BON20 were 
treated as equivalent in our analysis, as each one 
exhibits distinct advantages and disadvantages in 
comparison to the others, thus preventing in designat-
ing one as superior. This decision was substantiated 

by examining the surface area of each source zone 
within these models. Small polygons, like the ones of 
ESHM13 and BON20 in the Central Ionian Islands 
(Fig. 2a and c), provide a more precise description of 
the seismotectonic features within the area, whereas 
larger polygons, as those of ESHM20 (Fig.  2b), are 
less accurate in describing these features, but with a 
higher number of earthquakes for statistical analysis. 
The latter provides insight into comparing the seis-
micity parameters obtained for each source model. 
BON20 (Fig.  2c) has smaller zones providing a 
more accurate description of the seismotectonics of 
the Ionian Islands, when compared to the other two 
models. However, the required seismicity data of the 
small source areas around Cephalonia and Ithaca will 
result in a complex and non-smooth spatial distribu-
tion of the computed PGA and PGV values, which 
may hinder drawing conclusions about the seismic 
hazard of the study area. Consequently, implementing 
both local and non-local models is the best option to 
address this problem.

In Greece, the instrumental earthquake catalogue 
of Makropoulos et  al. (2012) is specifically tailored 
for seismic hazard studies, as it has a threshold mag-
nitude of Ms = 4.0 and Mw = 4.1. It covers the period 
from 1900 to 2009, with the significant limitation of 
not including earthquakes since 2010. This lack of 
data is noteworthy because, as mentioned in the intro-
duction, events such as those that occurred in 2014 
and 2015 would be omitted from the computational 
framework. To address this issue, we extended the 
earthquake catalogue to 2019 in a consistent man-
ner, following the same methodology as Makropoulos 
et al. (2012), i.e. incorporating reviewed events from 
the Bulletin of the International Seismological Cen-
tre (ISC). A common practice in PSHA is to declus-
ter earthquake catalogues in order to retain only the 
parent earthquakes, removing foreshocks and after-
shocks. However, this practice is debatable, as there 
have been reports suggesting that aftershocks can 
generate significant ground motions and are often 
responsible for additional damage (Marzocchi and 
Taroni 2014; Taroni and Akinci 2021). In this study, 
we opted not to decluster the earthquake catalogue, as 
this would result in loss of valuable data, especially 
considering that Cephalonia and Ithaca are regions 
characterized by frequent earthquake sequences.

The seismicity parameters of each source area 
required for PSHA encompass the magnitude of 
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completeness (Mc), the annual rate of Mc exceed-
ance (λMc), the maximum expected magnitude 
(Mu), and the b–value of the Gutenberg–Richter Fre-
quency–Magnitude Distribution (FMD) (Gutenberg 
and Richter 1944). We herein employ two meth-
ods for calculating Mc and the b–value. The first is 
the classical maximum curvature method (MAXC), 
which was originally introduced by Wiemer and 
Wyss (2000) and identifies Mc by pinpointing the 
maximum curvature of the FMD curve through the 
calculation of its first derivative’s highest value. Sub-
sequently, the b–value is determined using the maxi-
mum likelihood method introduced by Aki (1965). 
Overall, MAXC is highly reliable and robust and 
has undergone validation in several PSHA studies 
(Zhou et  al. 2018; Pavlou et  al. 2021; Kaviris et  al. 
2023). The second method, proposed by Godano and 

Petrillo (2023), offers a rapid and straightforward 
estimation of Mc. It relies on the observation that the 
Gutenberg–Richter distribution exhibits an exponen-
tial behavior for magnitudes exceeding Mc and a lin-
ear behavior for the smaller ones. Consequently, the 
average magnitude value (Ma) exhibits linear increase 
as the threshold magnitude (Mth) increases and the 
deviations from this behavior allow for an accurate 
Mc computation, while the linearity of Ma versus Mth 
facilitates the b–value estimation. In this study, we 
seize the opportunity to also explore this new method 
for Mc and b–value estimation, aiming to comprehend 
its advantages and limitations for future assessments. 
Variability was also considered for the Mu param-
eter, because of the absence of a definitive estimation 
technique. Specifically, three techniques are utilized 
to estimate Mu: the first, yielding the lowest possible 

Fig. 2   The three source area models employed in this study: 
(a) ESHM13 (Woessner et  al. 2015), (b) ESHM20 (Danciu 
et al. 2021), and (c) BON20 (Bonatis 2020). To determine the 

source areas from ESHM13 and ESHM20 contributing to the 
ground motions in Cephalonia and Ithaca, a selection distance 
of 100 km was applied (Kaviris et al. 2022a, 2022b, 2023)
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Mu, is based on the maximum observed earthquake 
magnitude (Mmaxobs) within each source area. An 
intermediate Mu value is estimated through the Rob-
son–Whitlock–Cooke (RWC) technique, as described 
by Robson and Whitlock (1964) and Cooke (1979). 
RWC introduces a small positive factor based on the 
second maximum earthquake magnitude (Mmaxn–1). 
The highest potential Mu is determined by adding 
the positive factor 0.5 to Mmaxobs. Finally, λMc is 
computed using the maximum likelihood estimator 
technique outlined in the works of Kijko and Sellev-
oll (1989) and Kijko and Smit (2012). Summarizing, 
a strong variability has been included regarding the 
adoption of source models and the calculation of seis-
micity parameters.

The Ground Motion Prediction Equation (GMPE) 
plays a pivotal role in PSHA by providing estimations 
of peak ground motions that take into account the 
earthquake magnitude, distance from the site, focal 
mechanism type, and soil conditions. It is important 
to emphasize that the prediction of ground motions 
resulting from an earthquake may introduce errors, 
especially in the near–field, hence GMPEs are empiri-
cal relationships that possess notable epistemic uncer-
tainties. In this context, variability is a critical aspect, 
allowing us to incorporate a range of PGA, PGV, and 
Sa values for the same independent variables, such as 
earthquake magnitude and distance. In our study, we 
employed GMPEs that have undergone rigorous test-
ing, validation, and ranking in recent PSHA studies 
(Pavlou et al. 2021; Kaviris et al. 2022a, 2022b, 2023; 
Sakkas et al. 2022). For PGA, we utilized the GMPEs 
proposed by Skarlatoudis et  al. (2003) [SKA03], 
Danciu and Tselentis (2007) [DAT07], Sakkas (2016) 
[SAK16] and Chousianitis et  al. (2018) [CHO18]. 
For PGV, the GMPEs of Skarlatoudis et  al. (2007) 
[SKA07], Danciu and Tselentis (2007) [DAT07] and 
Chousianitis et  al. (2018) [CHO18] were selected 
and for Sa the GMPE of Danciu and Tselentis (2007) 
[DAT07] was chosen. For PSHA purposes, it is essen-
tial not to assign to the mentioned GMPEs only one 
type of focal mechanism (normal or non–normal) to 
each source area, which can lead to overestimation or 
underestimation of peak ground motions. To address 
this challenge, we utilized the focal mechanism cata-
logue proposed by Kapetanidis and Kassaras (2019) 
to determine the accurate percentages of normal 
and non–normal focal mechanisms for each source 
area. We then applied those percents to the selected 

GMPEs to ensure accurate proportions between the 
normal and non–normal versions of each GMPE. 
This approach allows to avoid the need for interpo-
lating the type of focal mechanism for each source 
area. The percentages can be found in Table S1. The 
seismicity data of the source areas of each seismo-
tectonic model that contain Cephalonia and Ithaca is 
presented in Table 1.

The concept of logic tree diagrams, originally 
introduced by Kulkarni et al. (1984), has consistently 
proven to be a reliable method for mitigating uncer-
tainties (Bommer and Scherbaum 2008; Atkinson 
et al. 2014; Marzocchi et al. 2015). In PSHA, a logic 
tree comprises multiple branches, each representing a 
potential seismic hazard outcome, reflecting the asso-
ciated uncertainties. These branches are created to 
account for different choices that the analyst deems 
feasible and, to express the level of confidence in each 
one, every branch is assigned a normalized weight. 
Within the context of this paper, the logic tree visu-
ally represents the steps discussed (Fig. 3). The pro-
cess commences with the source models, where three 
branches are established, one for each model, with 
equal weighting. Subsequently, for every source area 
of each source model, additional branches are intro-
duced to accommodate variables, such as b–values, 
Mc, and λ(Mc), determined using the MAXC tech-
nique and the newly proposed method by Godano 
and Petrillo (2023). Moreover, variations in Mu are 
considered by incorporating three branches, repre-
senting low, intermediate, and high Mu levels. Fur-
thermore, the selected GMPEs are integrated into the 
analysis, each one associated with a minor logic tree 
that accounts for the percentages of normal and non-
normal focal mechanism types within each source 
area. It is important to note that this complexity refers 
to a single source area only. Consequently, the total 
number of logic tree samples becomes extraordinar-
ily large, akin to the situation in PSHA for Canada 
(Kolaj et  al. 2020). In such cases, it is essential to 
implement statistical sampling methods, as empha-
sized by Pagani et al. (2014). For our specific needs, 
the Latin Hypercube Sampling (LHS) method, ini-
tially proposed by McKay et  al. (1979), is deemed 
the most suitable. Unlike the random sampling of the 
Monte Carlo technique, LHS divides the input ranges 
into equal intervals, ensuring that only one value is 
selected from each interval. This approach offers a 
more systematic and representative way to sample 
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the various branches of the logic tree, thereby captur-
ing the full range of scenarios. The number of sam-
ples used for the sampling process was determined 
through a trial-and-error approach, yielding stable 
results for PGA, PGV and Sa. It was decided that 
10,000 samples would be employed, consistent with 
the procedure followed in ESHM13 and ESHM20. 
PGA, PGV, and Sa values were computed using the 
OpenQuake engine (version 3.15.0) proposed by 
Pagani et  al. (2014). The information regarding the 
configuration file that was used for these computa-
tions is available as a word file in the Supplementary 
material.

4 � Results

The results are presented in the form of PGA and 
PGV spatial distribution maps for Cephalonia and 
Ithaca (Figs.  4 and 5, respectively), considering 
return periods of 475 (Figs. 4a and 5a) and 950 years 
(Figs.  4b and 5b). Additionally, PGA–hazard curves 
were generated for the three most densely populated 
towns in our study area: Lixouri, Argostoli, and Vathi 
(Fig. 6a). Those were produced to demonstrate PGA 
values for a wide range of return periods. Moreover, 
for the same sites, Uniform Hazard Spectra (UHS) 
were constructed by utilizing Sa levels, which corre-
spond to their natural periods (Fig. 6b).

Based on the spatial distribution of both PGA and 
PGV for return periods of 475 and 950 years, the low-
est values are observed in the southeastern portion 
of the study area. As we move towards the north and 
west, the values increase, reaching their peak mainly 
in Paliki and a small area east of the Myrtos Gulf. 
The pattern observed may be attributed mainly to the 
small distance of Paliki peninsula from the Cepha-
lonia segment of the CLTFZ, characterized by high 
seismicity, as well as to the onshore faulting system, 
where the 2014 Cephalonia earthquakes occurred. 
The peak near Myrtos Gulf, where intermediate mag-
nitude events have occurred due to the activation of 
secondary smaller structures transverse to the axis of 
the CLTFZ (Sakkas et al. 2022), may be aleatoric due 
to the small contour area.

The lowest PGA value for return period of 
475 years is approximately 460 cm/s2, and the high-
est around 580  cm/s2 (Fig.  4a). The PGA range is 
about 120  cm/s2, with the most intense variation Ta
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Fig. 3   A section of the 
logic tree diagram pre-
sented for the current PSHA 
computational method. The 
branches are provided in 
detail exclusively for the 
GRAS369 source area of 
the ESHM13 source model, 
specifically for the lowest 
Mu value. It is worth not-
ing that the complete set 
of branches for GRAS369 
would also include two 
additional branches for 
the intermediate and the 
highest Mu values, while 
the remainder of the logic 
tree remains consistent. 
The same decision–mak-
ing process was applied 
uniformly across all source 
areas within each source 
model, with the only dif-
ference associated with 
the weights assigned to the 
final column, representing 
the percentages of Normal 
(N) and Non–Normal (NN) 
focal mechanisms. Seismic-
ity data are presented in 
Table S1

Fig. 4   PGA results for return periods 475 and 950 years (a and b, respectively)
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occurring along the southeastern edge of Cephalonia. 
This indicates that intermediate to high PGA values 
are prevalent throughout most of the study area. Simi-
lar observations can be made for the return period of 
950 years (Fig. 4b), where the difference between the 
highest (around 700 cm/s2) and the lowest (approxi-
mately 560 cm/s2) PGA is about 140 cm/s2. Again, 
the high PGA variation mainly occurs along the south 
easternmost edge of the study area.

Regarding PGV, for a return period of 475  years 
(Fig. 5a), some differences can be noticed compared 

to PGA. In particular, the spatial distribution is 
smoother, with the lowest PGV value approximately 
33  cm/s, while the highest is around 36  cm/s. This 
relative stability in PGV values can be attributed to 
the smaller number of GMPEs used for PGV com-
putation, as SAK16 does not propose a PGV model. 
This implies that the logic tree has significantly fewer 
total branches, resulting in a lower complexity of the 
spatial distribution. Continuing to the results of PGV 
for the return period of 950 years (Fig. 5b), we find a 
similar situation. The highest value is ~ 49 cm/s, and 

Fig. 5   PGV results for return periods of 475 and 950 years (a and b, respectively)

Fig. 6   PGA–hazard curves (a) and UHS in terms of Sa (b) for Lixouri, Argostoli and Vathi
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the lowest is about 45 cm/s, with a small deviation of 
approximately 4 cm/s.

Continuing to the site–specific analysis and the 
PGA–hazard curves (Fig.  6a), we can observe the 
PGA levels across a range of probabilities of exceed-
ance in 50 years. Lixouri and Argostoli exhibit simi-
lar values, with Lixouri’s curve being slightly higher 
than that of Argostoli by approximately 10 cm/s2 for 
all probabilities of exceedance. This small difference 
can possibly be attributed to their distance from the 
CLTFZ, as Lixouri is closer to the fault than Argos-
toli. Vathi displays the lowest hazard curve, which 
aligns with the spatial distribution of PGA values for 
both return periods, as Vathi is situated in a region 
characterized by intermediate PGA values. It is worth 
noting that even for the highest presented return peri-
ods, ground motions do not exceed 1 g.

Regarding the UHS for the same towns (Fig. 6b), 
Lixouri exhibits the highest Sa levels compared to 
Argostoli and Vathi across the entire range of natu-
ral periods. This observation is in agreement with the 
previously mentioned results. Furthermore, the UHS 
provides information about the natural period of the 
single–degree freedom system that experiences the 
highest Sa value, which in our case is 0.25  s. How-
ever, it is essential to acknowledge a slightly lower 
peak at 0.45 s, which should be considered, especially 
for Lixouri which experiences Sa values that are 
nearly identical for these two periods.

5 � Discussion

The primary objective of this study is to conduct a 
reassessment of seismic hazard in Cephalonia and 
Ithaca by involving the integration of new statistical 
techniques aimed at reducing epistemic uncertainties 
related to source models, seismicity data and GMPEs. 
The first set of results pertains to the spatial distri-
bution of PGA and PGV for return periods 475 and 
950 years across Cephalonia and Ithaca and the sec-
ond one focuses exclusively on the three most densely 
populated localities, namely Lixouri, Argostoli, and 
Vathi. For these towns, PGA hazard curves and UHS 
were developed to illustrate the variation in PGA val-
ues over a wide range of probabilities of exceedance 
and the Sa distribution across various natural periods, 
respectively.

The study suggests that the area of higher seis-
mic hazard is the Paliki peninsula in western Cepha-
lonia. This is mainly due to the vicinity of Paliki to 
the Cephalonia segment of the CLTFZ, maybe the 
most seismically active structure in Greece. In addi-
tion, high PGA values in Paliki are also influenced by 
the onshore local faults related with the 2014 Cepha-
lonia earthquakes (Mw = 6.1 and Mw = 5.8), which 
also caused local ground deformation (Sakkas et  al. 
2022). Moreover, the area east of Myrtos Gulf has 
a high level of seismic hazard, although this finding 
may contain a considerable level of uncertainty. In 
the work of Sakkas et al. (2022), it was demonstrated 
that the post-seismic activity of the 2014 earthquake 
sequence primarily migrated northward, with clusters 
also located within the Myrtos Gulf. The site-specific 
results show that Lixouri has the highest PGA haz-
ard curve and UHS, while Argostoli has intermedi-
ate curves, similar with those of Lixouri. In contrast, 
Vathi has the lowest maximum expected ground 
motions among the towns. Lixouri’s proximity to the 
CLTFZ, in comparison to Argostoli and Vathi, may 
be the reason for this distribution.

The findings for both return periods offer valu-
able insights for structural design and engineering 
purposes, as more accurate local vulnerability curves 
can be obtained. The latter can lead to a more accu-
rate seismic risk assessment of the area that can guide 
seismic retrofitting efforts, ensuring that they meet 
safety standards. The outcomes of the site–specific 
analysis for the three towns offer valuable insights 
into the anticipated maximum ground motions over 
a 50–year timeframe, taking into account varying 
probabilities of occurrence. Additionally, these find-
ings help in identifying measures to prevent reso-
nance phenomena linked to the prevailing soil period 
(which was at 0.25 s).

As previously mentioned, there have been several 
studies conducted to assess seismic hazard in Cepha-
lonia and Ithaca. The one of Bonatis (2020) employed 
the same PSHA methodology as the one outlined 
here. However, differences exist between the source 
models and GMPEs used in the herein proposed 
PSHA. Specifically, Bonatis (2020) utilized a single 
seismotectonic model, BON20, and calculated PGA 
for a 475–year return period using various GMPEs, 
which, however, were not combined through a logic 
tree technique. The PGA results ranged from 200 to 
900 cm/s2, while the herein obtained values are in a 
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much narrower range. Nonetheless, the spatial dis-
tribution of PGA remained consistent, particularly 
regarding the high variability observed at the south-
ern edge of Cephalonia. In this case, the PGA val-
ues ranged from 50 to 450 cm/s2, and PGV from 0 to 
25  cm/s. However, it is important to note that these 
results cannot be directly compared to those of the 
current study, given the fundamental differences in 
the methodologies employed. In their recent work, 
Sakkas et al. (2022) used the ESHM13 source model 
and the GMPE developed by Danciu and Tselentis 
(2007), only for non-normal focal mechanisms. The 
MAXC method was used to obtain their seismicity 
parameters. Therefore, due to differences in the pre-
processing part, variations in the results are expected 
between their work and this study. The logic tree 
used by Sakkas et  al. (2022) had significantly fewer 
branches compared to the one used in this PSHA, 
resulting in a more smoothed spatial distribution 
of PGA. In their computational grid, Sakkas et  al. 
(2022) included all the Ionian Islands. Therefore, for 
visualization clarity, the values in Cephalonia and 
Ithaca are depicted as a single value of approximately 
500 cm/s2 for a return period of 475 years (Table 2).

Τhe present PSHA has lower epistemic unceratnt-
yuncertainty when compared to the aforementioned 
studies. Additionally, a side-task was to test the new 
technique for the estimation of Mc and b-value, pro-
posed by Godano and Petrillo (2023). A drawback 
of this method is the overestimation of Mc values 
when compared to other techniques (for instance, the 
MAXC that was also utilized in this study). The gen-
eration of high Mc values could potentially result in 
a limited number of data points for the estimation of 
the b-value, thereby leading to higher uncertainty in 
the regression model. The lack of a reliable b-value 
is a considerable drawback, given its crucial role in 
characterizing the seismicity for each source area. 
Nevertheless, the technique of Godano and Petrillo 
(2023) can be chosen in regions of high seismicity, 
where an adequate number of earthquakes certainly 

exists. Consequently, this method can be selected for 
the region of Cephalonia and Ithaca. Given the high 
degree of uncertainty regarding the Mu, we chose to 
designate three levels for each source area (low, inter-
mediate, and high) in order to capture a broad range 
of seismic hazard outcomes related to this aspect. 
Furthermore, by incorporating precise weights into 
both the normal and non-normal versions of each 
GMPE at each source zone, we were able to man-
age the uncertainty related to the extrapolation of the 
focal mechanism. This is a critical step in preventing 
the overestimation and underestimation of the maxi-
mum expected ground motions. It is worth noting that 
a reliable sampling technique was required for this 
extensive logic tree. The LHS was chosen due to its 
non-memoryless nature, which is particularly signifi-
cant in this context, as it effectively samples a consid-
erable portion of the entire distribution of logic tree 
branches.

This PSHA has certain limitations, for instance, 
it does not account for soil conditions, which can 
influence the results through amplification or attenu-
ation phenomena. In the absence of information on 
true soil conditions, the study of Allen and Wald 
(2009), which relies only on topographic data can 
be used as a proxy for seismic site conditions, but it 
was not chosen for this PSHA in order to avoid addi-
tional potential uncertainties. Another limitation is 
the absence of a GMPE ranking system in the analy-
sis, as it could provide valuable insights into which 
one of the selected empirical models best matches 
the recorded strong motion values and their relative 
weights for inclusion in the logic tree approach. How-
ever, it is worth noting that a recent study by Kaviris 
et  al. (2023) conducted a GMPE ranking system for 
the same GMPEs as those selected in the herein com-
putational framework, and the results indicated that 
the relative weights were very close to each other. 
This suggests that the PGA, PGV and Sa obtained 
here may not significantly differ from those generated 
using a non-equal-weighted logic tree approach.

6 � Conclusion

The aim of this study is to re–evaluate the seis-
mic hazard for Cephalonia and Ithaca, taking into 
account new data and statistical methodologies. It is 
recognized that seismic hazard assessment is a field 

Table 2   Comparison of the range of PGA values for Cepha-
lonia and Ithaca among the studies by Bonatis (2020), Sakkas 
et al. (2022), and this study

Seismic hazard 
model

Bonatis (2020) Sakkas et al. 
(2022)

This study

PGA (cm/s2) 200—900 500 460—580
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characterized by significant epistemic uncertainty 
(Cornell 1968). Therefore, in regions like the one of 
the present work, which are subject to high seismic 
hazard, as highlighted by the current National Build-
ing Code (EAK 2003), it is essential to update the 
maximum expected ground motions in order to have a 
reliable input for future seismic risk studies (Cornell 
1968).

A well stablished and dependable approach to 
addressing epistemic uncertainty involves the use 
of a comprehensive logic tree decision graph. In the 
herein proposed PSHA, we incorporate three groups 
of source areas, i.e., two European and one local for 
Cephalonia and Ithaca. These models are considered 
with equal weights in the computational schemes due 
to the lack of specific criteria indicating one model’s 
superiority over another. Significant attention is given 
to the computation of seismicity parameters, where 
two methods were implemented for calculating the 
pair of Mc and b–value, and three for estimating Mu. 
The most critical aspect is addressing the uncertainty 
regarding GMPEs, as these empirical relations pre-
dict the maximum expected ground motions (PGA, 
PGV, and Sa). We select several GMPEs that consider 
the epicentral type of distance, since we do not have 
faults, but source areas, and the type of focal mecha-
nism. In PSHA, it is common to extrapolate the focal 
mechanism type for each source area, leading to the 
selection of GMPEs for one specific faulting type 
only. In this updated PSHA, we create a sub–logic 
tree for each GMPE that considers the relative per-
centages of normal and non–normal types of focal 
mechanisms. When considering all possible seis-
mic hazard outcomes, it becomes clear that the final 
number of branches is large, making a complete enu-
meration almost impossible. Therefore, we opt for a 
sampling of the logic tree using reliable techniques to 
capture a significant portion of it. Consequently, we 
believe that this study’s results have thus far achieved 
the lowest degree of uncertainty.

The findings of this study are presented as spatial 
distributions of PGA and PGV for return periods of 
475 and 950 years, along with site–specific results for 
Lixouri, Argostoli, and Vathi (PGA–hazard curves 
and UHS). The highest ground motions are observed 
in the western portions of Cephalonia and Ithaca, 
with significant variability in the southeastern edge of 
Cephalonia. Among the towns studied, Lixouri exhib-
its the highest level of seismic hazard, while Vathi the 

lowest. All three towns have a dominant frequency of 
0.25 s. The PGA results for the first return period can 
be compared to the reference value proposed by EAK 
(2003), which divides Greece into three seismic haz-
ard zones, each being attributed a specific PGA for 
bedrock conditions. For Cephalonia and Ithaca, this 
reference value is approximately 360 cm/s2, the high-
est in the country. However, the maximum PGA from 
our proposed PSHA model is 580 cm/s2, underscor-
ing the need to update the reference value. The results 
for the second return period can aid the construction 
of critical structures, such as medical centers. The 
site–specific analysis results provide insights on the 
estimated fundamental resonance frequency and the 
maximum expected spectral acceleration.

Future research endeavors could involve conduct-
ing fieldwork to capture ambient noise in three spa-
tial dimensions at various sites. This data collection 
would facilitate the determination of the fundamen-
tal resonance frequency of the ground across Cepha-
lonia and Ithaca using a spatial grid. Understanding 
this parameter is of great significance in earthquake 
engineering, as it provides valuable insights into 
site–specific effects. Another avenue for exploration 
is the development of a new GMPE that specifically 
predicts PGA and PGV for the vertical component of 
ground motion. Such information would be particu-
larly beneficial for the construction of bridges, espe-
cially in regions with high seismic activity. Further-
more, a seismic risk assessment could be undertaken, 
exploiting the herein proposed PSHA as an input to 
determine the maximum expected ground motions.
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