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Abstract 

In order to evaluate the seismic hazard for the broader Aegean area, a modified time-
independent seismicity model is used. A Monte-Carlo procedure has been employed to 
create synthetic earthquake catalogs with specific characteristics regarding their time, 
space and magnitude distributions. Moreover, particular geometrical characteristics, 
such as subducting and oblique seismic zones are also taken into account in the synthetic 
catalogs generation. A significantly revised earthquake catalog, all available fault plane 
solutions and information on the seismotectonics of the broader Aegean area were 
considered in order to propose a new updated model of seismic zones for this area. 
Seismicity parameters for the new seismic zones were calculated and the corresponding 
synthetic earthquake catalogs were generated using the proposed procedure. The 
distribution of the expected values for ground motion parameters (e.g. PGA, PGV) was 
estimated using synthetic catalogs for several sites of interest, by performing 
computations directly on all earthquakes of each catalog. Computations were 
performed for a dense grid of sites and seismic hazard estimates were determined both 
directly from the peak ground motion distribution, as well as from fitted extreme values 
Gumbel distribution. Ground motion parameters were also calculated using classic 
seismic hazard assessment algorithms (EqRISK), in order to evaluate the compatibility 
of the proposed method with conventional approaches. 
Keywords: seismic hazard, synthetic catalogs, zonation model. 

Περίληψη 

Στην παρούσα εργασία επαναξιολογείται η σεισμική επικινδυνότητα στην ευρύτερη περιοχή 
του Αιγαίου, με τη χρήση ενός τροποποιημένου μοντέλου χρονικά ανεξάρτητης 
σεισμικότητας. Μια διαδικασία Monte-Carlo χρησιμοποιείται για τη δημιουργία 
συνθετικών καταλόγων που παρουσιάζουν συγκεκριμένα χαρακτηριστικά αναφορικά με τη 
χωροχρονική κατανομή των σεισμών, αλλά και την κατανομή των μεγεθών τους. Επιπλέον, 
ειδικότερα γεωμετρικά χαρακτηριστικά, όπως κεκλιμένες ζώνες συνεκτιμούνται στη 
δημιουργία των συνθετικών καταλόγων. Ένας αναθεωρημένος σεισμικός κατάλογος, όλοι 
οι διαθέσιμοι μηχανισμοί γένεσης, αλλά και πληροφορίες για τα σεισμοτεκτονικά 
χαρακτηριστικά της περιοχής χρησιμοποιήθηκαν από κοινού ώστε να προταθεί ένα 
επικαιροποιημένο μοντέλο σεισμικών ζωνών. Υπολογίστηκαν οι παράμετροι σεισμικότητας 
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για το μοντέλο και δημιουργήθηκαν οι συνθετικοί σεισμικοί κατάλογοι με την προτεινόμενη 

διαδικασία. Εκτιμήθηκε η κατανομή των αναμενόμενων τιμών για διάφορες παραμέτρους 

της εδαφικής κίνησης (π.χ. PGA, PGV), με τη χρήση συνθετικών καταλόγων σε διάφορες 

θέσεις, εκτελώντας υπολογισμούς απ' ευθείας για όλους τους σεισμούς κάθε καταλόγου. Οι 

υπολογισμοί πραγματοποιήθηκαν για ένα πυκνό κάναβο σημείων και η εκτίμηση της 

σεισμικής επικινδυνότητας πραγματοποιήθηκε τόσο βάσει της κατανομής της μέγιστης 

αναμενόμενης εδαφικής κίνησης, όσο και βάσει της κατανομής των ακραίων τιμών του 

Gumbel. Παράλληλα, έγιναν υπολογισμοί με τη χρήση κλασσικών αλγορίθμων εκτίμησης 

της σεισμικής επικινδυνότητας (EqRISK) με σκοπό να αξιολογηθεί η συμβατότητα της 

προτεινόμενης μεθόδου με άλλες συμβατικές προσεγγίσεις. 

Λέξεις κλειδιά: Σεισμική επικινδυνότητα, συνθετικοί κατάλογοι, μοντέλο σεισμικών 

ζωνών. 

1. Introduction 

A large number of research works on seismic hazard assessment for the Aegean area has been published 

during the last decades. The first effort was performed by Galanopoulos and Delibasis (1972), who 

studied the maximum expected macroseismic intensity distribution in order to estimate the seismic hazard 

in Greece, while Shebalin et al. (1976) published a similar study for the Balkan peninsula. Several other 

studies were performed for the broader Aegean area (Algermissen et al., 1976; Makropoulos and Burton, 

1985; Drakopoulos and Stavrakakis, 1988; Papoulia and Stavrakakis, 1990; Koutrakis et al., 2002; 

Tsapanos et al., 2003; Vamvakaris et al., 2008; Tselentis and Danciu, 2010; Vamvakaris, 2010, among 

others). Papaioannou (1984), studied IMM and PGA using the mean value method (Wiechert and Milne, 

1979) and the asymptotic distribution of extreme values (Gumbel, 1958). Stavrakakis and Tselentis 

(1987), Papoulia and Slejko (1992), Stavrakakis and Drakopoulos (1995) and Papoulia et al. (1998) 

employed the Bayes distribution, while Papazachos et al. (1993) determined seismic sources for Greece 

and proposed 4 zones of equal seismic hazard, based on historical data. Additionally, PGD, strong motion 

duration and velocity spectra values were used for seismic hazard estimation (Theodulidis and 

Papazachos, 1992; Papazachos et al., 1993; Margaris and Papazachos, 1994; Koutrakis et al., 1999). 

Papaioannou and Papazachos (2000), reported the expected values of PGA, PGV and IMM, for 143 sites 

and proposed a new seismic regionalization for the broader Aegean area. 

In the present study a time-independent seismicity model is used for the seismic hazard analysis in 

terms of parameters such as peak ground acceleration (PGA) and peak ground velocity (PGV). The 

estimation is based on synthetic earthquake catalogs created through an appropriate procedure 

employing a Monte-Carlo statistical simulation. Using the proposed approach, earthquakes follow 

pre-determined time, space and magnitude distributions. Moreover, any particular geometrical 

characteristic, such as subducting and oblique seismic zones are also taken into account in the 

synthetic catalogs. These catalogs are used to estimate the statistical distribution of the ground 

motion parameters for several sites of interest, by performing computations directly on all 

earthquakes of each catalog. The study area (broader Aegean sea region) contains Greece, Albania, 

FYROM and parts of Montenegro, Bulgaria, and Turkey, constituting the main part of the Eurasia 

plate at the region of convergence with the Eastern Mediterranean (Figure 1). 

2. Method 

2.1. New Seismic Zone Model 

Estimation of seismic hazard parameter, Y, (such as IMM, PGA, PGV, PGD, or their spectral values) 

practically corresponds to the calculation of the corresponding probability of exceedance, P, of this 

value in a specific time period. Calculation of this probability is often performed on the basis of the 

“total probability theorem”, expressed by the equation: 
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𝑃(𝑌 > 𝑦) = ∫ ∫ 𝑃(𝑌 > 𝑦|𝑚, 𝑟)𝑓(𝑟)𝑓(𝑚)𝑑𝑚𝑑𝑟
𝑀𝑅

 (1)
 

where the probability P(Y>y) is calculated as an integral over magnitude, m, and distance, r, of the 

conditional probability P(Y>y|m,r), related with the ground motion prediction equation, and 

probability-density function of magnitude and distance, f(m) and f(r), respectively. These functions 

describe the magnitude and space distribution of each event participating in the hazard assessment. 

Earthquake magnitudes define the seismicity level, usually described by a and b seismic parameters, 

as well as epicenter location is related to the spatial distribution of earthquakes, according to local 

seismotectonic, geometric and other geomorphological settings. 

 

Figure 1 - Map of the study area showing the main seismotectonic features. Open arrows 

depict the local stress, while the volcanic arc of southern Aegean, the Benioff zone isodepths 

(white lines), and major basins are also presented (modified from Papazachos et al., 1998; 

Karagianni et al., 2005 and Mountrakis et al., 2012). 

Seismic hazard calculations using algorithms such as EqRISK (McGuire, 1976) are usually based 

on the use of a seismic zonation model or other tectonic features (e.g. faults and rupture zones) and 

the computation of hazard probabilities through analytical or numerical integrations. In the present 

work we use an alternative approach for seismic hazard analysis, based on synthetic earthquake 

catalogs which satisfy several specific characteristics, concerning the location and geometric 

features of seismic sources. The proposed approach also allows the parametric study of all seismic 

hazard estimates simulating different desirable seismic scenarios (extreme or more possible 

scenarios). As previously described, seismicity is commonly defined as a function of earthquake 

magnitudes and frequency of occurrence of events with such a magnitude, according to the 

magnitude distribution law (Gutenberg and Richter, 1944). However, such a relation can only be 

applied for areas with similar seismotectonic settings. For this reason, the study area needs to be 

separated to relatively homogeneous seismic zones with common characteristics. Several researchers 

have worked on the seismic zonation problem in the past for the Aegean area (Papazachos, 1980, 1990; 

Hadtzidimitriou et al., 1985; Papazachos and Papaioannou, 1993; Papaioannou and Papazachos, 2000). 

Recently, important information about active neotectonic faults (Mountrakis et al., 2010) and seismic 

faults related with large earthquakes (Papazachos et al., 2001), as well as the need of a more detailed and 

specific definition of seismic zones, have led to a new updated model of seismic zones for Greece and 

neighbouring areas (Vamvakaris, 2010; Vamvakaris et al., 2015). Vamvakaris (2010), collected all 

available fault plane solutions from international databases and publications and the corresponding stress 

axes. Information about tectonic and seismic faults and various morphotectonic settings (e.g. relief, 

coastline) and epicentres of earthquakes since historical times (550BC-July 2008) from the catalog of 

Papazachos et al. (2010), used in order to define areas of common seismotectonic characteristics, that 

could constitute a discrete seismic zone. 
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Figure 2 - Map of the 113 shallow seismic zones grouped in 3 general seismotectonic clusters. 

Yellow colours depict zones related with reverse ruptures (T-cluster), green with normal 

faulting (N-cluster) and red with strike-slip faults (S-cluster), (Vamvakaris et al., 2015). 

Following this approach, the broader area of Aegean has been separated into 113 seismic zones with 

common seismotectonic features. The new seismic zonation map proposed by Vamvakaris et al. 

(2015), is presented in Figure 2, These seismic zones exhibit several common characteristics and it 

is possible to provide a general grouping of the individual zones in 3 main clusters of zones (T, N 

and S clusters) according to the dominant rupture type within each zone (thrust, normal and strike-

slip faultings, respectively. 

Seismic hazard is strongly related with the seismicity level in any area of interest. The magnitude 

distribution law (Gutenberg and Richter, 1944) and the random temporal distribution hypothesis 

(Poisson distribution) are the usual base on which most of the seismicity parameters are defined. In 

order to estimate a and b parameters of G-R relation for every seismic source it is necessary to 

employ a homogeneous and complete earthquake catalog, covering the study area. For this reason 

the a compiled catalog (Vamvakaris, 2010), which was based on the catalog of Papazachos et al. 

(2010) and ISC, as well as revised equivalent moment magnitude estimations was used. 

Using this catalog and its associated completeness a quantitative estimation of seismicity was 

performed for parameters a and b as well as the maximum magnitude, Mmax, of every seismic zone 

(Vamvakaris et al., 2015). In Figure 3 the return period for earthquakes with M≥6.0 for an area of 

10000 km2 is presented, using the determined seismicity parameters for these 113 shallow zones 

taken into account for the calculations. The results show that minimum return period values (Tm<5 

years) are observed in the central Ionian Sea region, e.g. at least one earthquake of magnitude M≥6.0 

occur every 5 years in an area of 10000 km2 in the Cephalonia region. 

2.2. Synthetic Catalogs for the Study Area 

For the seismic hazard assessment synthetic earthquake catalogs were created through a procedure of 

a Monte-Carlo statistical simulation, employing appropriate random number generation. These 

catalogs were designed to contain events randomly distributed in time (Poisson distribution), while the 

probability of occurrence is constant within each seismic zone (homogeneous distribution). A spatial 

and magnitude distribution follow the Gutenberg-Richter law, specified controlled by the a and b 

parameters for every seismic zone. For the catalog generation, the new model of 113 shallow seismic 

zones was complemented by the model of 7 seismic zones proposed by Papazachos and Papaioannou 

(1993), for intermediate-depth earthquakes. For the present study, a number of 100 synthetic catalogs 



1467 

 

were generated, covering a time period of 1000 years. A typical random synthetic catalog is presented 

in (Figure 4a), where epicenters of different focal depth are shown with different colours (yellow, pink 

and red). The epicenter distribution illustrates the dominant effect of the selected seismic model, as 

well as the depth distribution along a specific SW-NE cross-section (Figure 4b) which exhibits a 

realistic focal depth distribution. The Benioff zone is clearly recognized in both the map and the cross-

section, verifying the proper synthetic catalog generation. 

 

Figure 3 - Spatial distribution of mean return period values, Tm, for shallow earthquakes of 

magnitude M≥6.0, for an area of 10000 km2 (100x100 km), (Vamvakaris et al., 2015). 

3. Seismic Hazard Assessment 

3.1. Method Application 

In the present study, seismic hazard was determined in terms of peak ground acceleration (PGA) 

and velocity (PGV), using different ground motion prediction equations, depending on the type of 

earthquake (shallow/deep, normal/thrust/strike slip). Calculations for PGA were performed using 

the equation of Skarlatoudis et al. (2003), for shallow earthquakes: 

log𝑃𝐺𝐴 = 1.07 + 0.45𝑀 − 1.35 log(𝑅 + 6) + 0.09𝐹 + 0.06𝑆 ± 0.28  (2)
 

where M is the earthquake magnitude, R is the epicentral distance, F is a factor related with the 

rupture type (F=0 for normal and F=1 for thrust or strike slip ruptures) and S is a soil condition 

factor (S=1 for alluvial and S=0 for rock).  

For intermediate depth earthquakes (h>60 km) the ground motion prediction equation proposed by 

Atkinson and Boore (2003), was used: 

log𝑃𝐺𝐴 = 0.04713 + 0.6909𝑀 + 0.0113ℎ + 0.00202𝑅 − 𝑔log(𝑅) ± 0.27  (3)
 

where h is the depth, R is equal to√𝐷𝑓𝑎𝑢𝑙𝑡
2 + 𝛥2, Dfault is the hypocentral distance, Δ=0.0074x100.507M 

and g=10(0.301-0.01M).  

PGV calculations for shallow earthquakes were performed using the equation proposed by 

Skarlatoudis et al. (2003, 2007): 

log𝑃𝐺𝑉 = −1.46 + 0.64𝑀 − 1.29 log(𝑅 + 6) + 0.02𝐹 + 0.14𝑆 ± 0.32  (4)
 

where the involved parameters are similar to equation (3). For intermediate depth earthquakes, 

calculations were performed using the equation: 

log𝐹𝐴𝑆 = 𝑐1 + 𝑐2𝑀+ 𝑐21 [log
𝑅

𝑅𝑅𝐸𝐹
− 𝐻(𝑅 − 𝑅0) log

𝑅

R0
] +

 
+𝑐22H(𝑅 − 𝑅0)𝑙𝑜𝑔

𝑅

𝑅0
+ 𝑐31(1 − ARC)(𝑅 − 𝑅𝑅𝐸𝐹) + 𝑐32ARC(𝑅 − 𝑅𝑅𝐸𝐹) + 𝑐41𝑆1 + 𝑐42𝑆2 ± 𝜎 (5) 
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proposed by Boore et al (2009) using data from the large Kythera earthquake (8/1/2006, M=6.7) for 

horizontal Fourier acceleration spectrum (FAS), as well as PGA or PGV computations. In this 

equation, H(R-R0) is the Heaviside function when the hypocentral distance, R, is less or greater than 

200km, respectively, R0=200km, RREF=1km, ARC= 0 or 1 for back-arc and along-arc stations, 

respectively and S1=1 and S2=1 for soil and soft-soil sites, respectively (and 0 otherwise). The 

remaining parameters were determined by Skarlatoudis et al. (2013), for PGV calculations: c1=-

4.65517, c2=1.10432, c21=-1.0, c22=-0.5, c31=-0.00315, c32=-0.00223, c41=0.18425, c42=0.50588, 

while corresponding standard deviation is σ=0.343. 

 

Figure 4 - (a) Geographical distribution of epicentres of a random synthetic catalog with 

M≥4.5. - (b) A SW-NE cross section using the synthetic catalog. Shallow depth earthquakes 

are shown with yellow circles, while pink and red circles correspond to intermediate-depth 

earthquakes (60-100 km and 100-180 km, respectively). 

The statistical distribution of the expected values of ground motion parameters (PGA and PGV) for 

a dense grid of 2080 sites in broader Aegean area was estimated using the synthetic catalogs. 

Computations were performed directly for each earthquake of every synthetic catalog separately. 

The maximum value of PGA and PGV was used for each site and every catalog and a set of 100 

maximum values was finally available for each examined site. Histograms of the maximum PGA 

values were plotted with a common axis (Figure 5) for a selected site in the high seismicity 

Cephalonia area, for 4 different characteristic return periods (10, 20, 50 and 476 years) 

corresponding to a 2%, 4%, 10% and 63.2% probability of exceedance using 100 synthetic catalos. 

This distribution follows the asymptotic curve of extreme values (Gumbel, 1958) which is 

superimposed over the maximum values histogram. Several tests (Vamvakaris, 2010) showed that 

the PGA values calculated directly from the maximum values histogram correspondig to the values 

of 98%, 96%, 90% and 36.7% of the values population, respectively) are in a very good agreement 

with the results provided by the Gumbel distribution. Therefore, the seismic hazard parameters can 

be estimated alternatively using the fitted Gumbel asymptotic curve. This approach was employed 

for the final calculation of seismic hazard parameters in the present study. 
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Figure 6 - Combined histograms of maximum PGA values based on observed data for a 

selected site (Cephalonia area). The Gumbel asymptotic curve of extreme values is also fitted 

on the data. PGA values were computed directly from 100 synthetic catalogs for 4 different 

return period (10, 20, 50 and 476 years), as well as the extreme values distribution, (gray and 

black dashed lines, respectively). Continues gray and black lines shows the mean values of 

Log(PGA) for the 2 different methods, respectively. (modified by Vamvakaris, 2010) 

In Figure 6 the expected values for PGA (left) and PGV (right) are shown for a 63.2% probability 

of exceedance for a characteristic return period of 476 years. The spatial distribution of these values 

shows several similarities and differences. Both maps verify that there is a significant dependence 

of seismic hazard on the seismotectonic settings. For example, regions along the Hellenic Arc and 

the North Aegean Trough related with thrust and strike-slip ruptures exhibit high values for both 

PGA and PGV. 

Maximum PGA values are found for the central Ionian Sea area, where the expected ground motion 

acceleration values reach 0.6g. High PGA values are also observed around the west coastline of 

Montenegro, Albania and N. Greece, where dominant thrust rupture zones are observed, similar to 

the Hellenic arc, where PGA values range between 0.3-0.4g. Similar values are observed in areas 

around the N. Anatolia fault, N. Aegean and the Sea of Marmara. Finally, values 0.35g are expected 

for the broader area of Gulf of Corinth. 

The spatial distribution of the expected PGV values highlights different areas with the highest values 

of seismic hazard. The broader area of S. Aegean exhibits high PGV values (locally more than 30 

cm/sec), which are much higher than those expected e.g. for the central Ionian Sea. This pattern is 

obviously related with the subduction zone and the intermediate depth earthquakes which occur in 

the southern Aegean area, as the PGV attenuation relation results in relatively high values caused 

by large intermediate depth (h>60km) earthquakes. This pattern is only identified for large return 

periods (≥200 years), because large intermediate depth earthquakes are quite rare. It is interesting to 

notice that their small frequency of occurrence leads to much smaller PGV values for the S. Aegean 

for shorter return period calculations (≤ 100 years). 

3.2. Method Evaluation 

Ground motion parameters were also calculated with a classic seismic hazard analysis algorithm, 

namely EqRISK (McGuire, 1976), in order to evaluate the compatibility of the proposed approach 
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of synthetic catalogs, with conventional methods. Results are in a very good agreement regarding 

both their values, as well as their spatial distribution. This agreement is important of the reliable use 

of synthetic catalogs for seismic hazard assessment. A detailed study for the broader S. Aegean area 

shows that the PGA values for the 476 years return period from EqRISK appear to be of about 5-

8% larger than the proposed method using synthetic catalogs (Figure 7). This variation is mainly 

caused by the different depth distribution adopted of the two methods and especially to the oblique 

Benioff zone adopted for the generation of intermediate depth earthquakes in the synthetic catalogs, 

as EqRISK considers horizontal seismic sources at different depths, while the synthetic catalogs 

approach considers a realistic depth geometry, simulating the oblique Benioff zone for intermediate 

depth earthquakes and using a different probabilistic distribution in depth, for shallow earthquakes. 

 

Figure 6 - (Left): PGA distribution (in %g). - (Right): PGV distribution (in cm/sec). All 

Calculations were for a 476 years return period, with 63.2% probability of exceedance. 

 

Figure 7 - Comparison of the PGA values resulting from the two different approaches 

(EqRISK and synthetic catalogs approach). Calculations were made for T=476 years. 

4. Conclusions - Results 

A seismic hazard analysis was performed using a new method which is based on the use of synthetic 

earthquake catalogs, created by a Monte-Carlo procedure. The use of such catalogs appears to have 
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several advantages, as it is possible to simulate any preferable seismic source and Ground Motion 

Prediction Equation scenario. A modified seismic zonation model for 113 shallow seismic zones of 

the broader Aegean area by Vamvakaris et al. (2015), was used, considering all available 

information about fault plane solutions, principal stress axes, seismic and neotectonic faults and 

earthquake epicentres. Seismicity parameters such as a, b, Mmax and the corresponding catalog 

completeness were employed for each one of these seismic zones and used in subsequent hazard 

analysis. A time-independent seismicity model, assuming a Poisson distribution was used for the 

creation of synthetic catalogs, which were employed for the computations of seismic hazard. Results 

are in a good agreement with standard hazard assessment algorithms, such as EqRISK and reveal 

new features for the distribution of seismic hazard values in the broader Aegean area. 
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