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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.

Mepiinyn

2TV mopovoa. EpYacio. LaVaCIoAOYEITaL 1] CEIOUIKI] ETIKIVODVOTITO, OTHV EVPOTEPH TEPLOYN
00 Awyoiov, pe T YPHON EVOS TPOTOTOMUEVOD UOVIEAOD XPOVIKG, OVeCGpTNTHG
oewopuxotyrog. Mo diadikacio. Monte-Carlo  ypnowonoisiton  yio )  onuiovpyio,
OVVOETIKWDV KOTOAOYW®V TTOV TOPOLTIALOVY GUYKEKPIUEVO, YOPOKTHPIOTIKC, AVOPOPIKG. LUE TH
XOPOYPOVIKI] KOTOVOUN TV CELOUDY, O Kol THY Katavou] Twv ueyebamy tovg. EmimAéov,
ELOIKOTEPO. VEWUETPIKG, YOPOKTHPICTIKG, OGS KEKAUEVES (OVES GUVEKTILOOVIOL OTH
onpaovpyio. twv ovVOETIKWY KoTodoywv. Evag avabewpnévog oelopxos karooyos, 6ot
o1 owbéonor unyoviouol Yeveons, 0AAG Kol TANPOPOPIES VIO TO. GEIOUOTEKTOVIKG,
XOPOKTHPLOTIKG. THS TEPIOYNS XPHOWOTOONKOY OO KOIWVOD MOoTe Vo TPoTtobel Eva
ETKOIPOTIOIUEVO UOVTELO TEIOUIKDY (WVvaV. YToloyioTnray 01 TopGUETPOL GEIGUIKOTNTAS
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Y10, TO UOVTEAO KoL ONpiovpynBniay o1 cuVOeTIKOI GEIGLIKOT KOTAAOYOL UE THY TPOTEIVOUEVH
oaoikaoio. ExktiunOnke 1 kawovoun v avoueVOUEVWY TIMV YIa. OIGQPOPES TOPOUETPOVS
¢ eoapuens xiviong (tr.y. PGA, PGV), ue m yprion ovvletikdv katoldywv oe diapopes
Oéoerg, exrelwvrog vroloyiouois ax' evbeiog yio. 6l0vg Tovg oelouoS Kabe Kataloyov. Or
vmoloyiouol mpayuotomoOnkay yia Evo. TOKVO Kaveflo onueimwy Koi N EKTIUNON THS
OEIOUIKNG ETIKIVODVOTITOS TPOYUOTOTIOONKE TOG0 PAoel THG KOTOVOUNG THG UEPIOTHG
OVOUEVOUEVNG EOQPIKNG KIVIONG, 000 Kai [O0El THG KOTAVOUNS TWV OKPOIWY THLDV TOD
Gumbel. IHopdlinle, éyvav vroloyiauor pe ™ ypron kKAoookdv oAyopiumy extiunong
¢ oeiouirng emkivoovornros (EQRISK) ue oxomo vo alioloynbei n ovufoatomra g
TPOTEVOUEVHS UEBOOOD e AAAES TLUPOTIKES TIPOTEYYITEIS.

AéEerg Klerdid: Xeiokn emKivovvoTnTo, GOVOETIKOI KATAAOYOL, UOVTELO GELOLUK®Y
Cawva.

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 Iy, 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:

1464



P(Y >y) = [ [, PY > ylmr)f (r)f (m) dmdr 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.
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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 km? 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 lonian Sea region, e.g. at least one earthquake of magnitude M>6.0
occur every 5 years in an area of 10000 km? 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
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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.

500

200

100

B 50

20

10

35

Tm for M=6.0
34 |- Shallow earthquakes o
L L L L L L L L L L L
20 21 22 23 24 25 26 27 28 29 30

Figure 3 - Spatial distribution of mean return period values, Tm, for shallow earthquakes of
magnitude M>6.0, for an area of 10000 km? (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 — 1.35log(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 4+ 0.6909M + 0.0113h + 0.00202R — glog(R) + 0.27 (3)
where h is the depth, R is equal to /D}?ault + A2, Drauit is the hypocentral distance, A=0.0074x 100507
and g=10030-001M)

PGV calculations for shallow earthquakes were performed using the equation proposed by
Skarlatoudis et al. (2003, 2007):

logPGV = —1.46 + 0.64M — 1.2910g(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:

R
logFAS = ¢, + ;M + ¢,y [log —H(R — Ry) log—| +
Rrer Ro

+C22H(R - Ro)lOgRR;O + C31(1 - ARC)(R - RREF) + C32ARC(R - RREF) + C4_151 + C4,252 i o (5)

1467



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-Ro) is the Heaviside function when the hypocentral distance, R, is less or greater than
200km, respectively, Ro=200km, Rrer=1km, ARC= 0 or 1 for back-arc and along-arc stations,
respectively and S;=1 and S,=1 for soil and soft-soil sites, respectively (and 0 otherwise). The
remaining parameters were determined by Skarlatoudis et al. (2013), for PGV calculations: ¢;=-
4.65517, C2:1.10432, 021:-1.0, 022:-0.5, C31:-0.00315, C32:-0.00223, C41:0.18425, C42:O.50588,
while corresponding standard deviation is 6=0.343.

Depth (Km)
o

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 lonian 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 0.35¢ 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 lonian 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 EqQRISK (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.

18 8
— —

Figure 6 - (Left): PGA distribution (in %0g). - (Right): PGV distribution (in cm/sec). All
Calculations were for a 476 years return period, with 63.2% probability of exceedance.
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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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